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(a, b) Photographs of commercial AA and 18650 cells. (c) 
Expanded view of the internal construction of cylindrical cell 
[5,7]. 
 
(a) Photograph of single cell of nominal voltage, 3.6V, capacity, 
8.4 Ah. (b) Charge-discharge characteristics of the developed cell. 
(c) Photo of 4-cell module with nominal voltage, 14.4V, capacity, 
18.4 Ah. (d) Charge-discharge characteristics of 4-cell module. 
Dimensions are in mm. Taken from Kojima et al. [9]. 
 
(a) Annual production by different companies, and (b) market 
value of LIBs, projected up to 2012. Data taken from website [5], 
Ober [10] and Shukla and Premkumar [11]. 
 
Principle of operation of LIB. Taken from Manthiram et al. [19].      
 
Graphite structures: (a) Hexagonal (AB stacking) and (b) 
rhombohedral (ABC stacking). Taken from Tatsumi et al. [25]. 
 
Variation of electric potential with the amount of Li. (a) Two 
phase regions.  (b) Single phase region. Taken from Huggins [43]. 
 
Theoretical specific capacity for different alloying systems.               
 
Schematic representation of dispersion of matrix and reactant. 
Taken from Winter and Besenhard [44]. 
 
First discharge and charge curves for MO/Li (M = Co, Ni, Fe, Cu). 
Taken from Poizot et al. [103]. 
 
(a) Layered rhombohedral-hexagonal structure of LiMO2.  (b) 
Spinel-LiMn2O4. 
 
Charge-discharge curves of full LIB. (a) LiCoO2/Co3O4 employing 
electrolyte, LiPF6 dissolved in EC-DEC (1:1 by vol). Cell is 
balanced at mass ratio of 8.5. Out put cell voltage ~2.0V is 
obtained. Cycling was carried out between 0.9-4.1 V. Taken from 
Badway et al. [106]. (b) Li4Ti5O12/LiFePO4 employing gel 
polymer electrolyte, polymer LIB. Cycling range, 1.0-2.5V with 
Current rate, C/20, at room temperature. Taken from Reale et al. 
[210]. (c) Li(Ni0.5Mn1.5)O4 /Li4Ti5O12 with electrolyte LiPF6 
dissolved in EC, PC, DEC and DMC. Cycling range, 1.0-3.5V, 




























































Schematic of the X-ray diffraction by crystals.                                   
 
(a) Schematic of ejection of photoelectron from the occupied 
energy levels in an atom/ion and (b) corresponding energy level 
diagram. 
 
Schematic thermogram for a single step decomposition reaction.       
 
(a) Schematic of coin cell assembly, and (b) photograph of 
fabricated coin cell. 
 
(a) Equivalent circuit used for fitting the impedance spectra. (b) 
Nyquist plots: experimental (red) and fitted (blue). (c)Typical 
values of circuit parameters used in (a). Ohm (Ω) and Farad (F) 
are the units of resistance and constant phase element. 
 
Half a unit cell of the spinel structure showing the position of 8a 
(o) and 16d (●) cations, some of the 32e oxygens (Ο); 8b, 48f (•) 
and 16c (*) interstitial sites of one quarter (two octants) of the unit 
cell. Taken from Chen et al. [26]. 
 
X-ray diffraction patterns of (a) CuCo2O4 (Cu-Co). Asterisk 
indicates the line due to impurity of CuO. (b) FeCo2O4 (Fe-Co), (c) 
MgCo2O4 (Mg-Co), (d) MnCo2O4 (Mn-Co), (e) NiCo2O4 (Ni-Co), 
and (f) ZnCo2O4 (Zn-Co). Miller indices (hkl) are indicated. 
 
SEM photographs of the as-prepared powders (a) CuCo2O4 (Cu-
Co), (b) FeCo2O4 (Fe-Co), (c) MgCo2O4 (Mg-Co), (d) MnCo2O4 
(Mn-Co), (e) NiCo2O4 (Ni-Co) and (f) ZnCo2O4 (Zn-Co). Scale 
bars are 1 and  10 µm. 
 
(a) TEM photographs and (b) SAED pattern of CuCo2O4 (Cu-Co), 
(c) TEM photographs and (d) SAED pattern of ZnCo2O4 (Zn-Co). 
Miller indices (hkl) and bar-scales are shown. 
 
XPS spectra of the spinels, NiCo2O4 (Ni-Co) and FeCo2O4 (Fe-
Co) in various binding energy (BE) regions. (a) and (b) Co 2p in 
(Ni-Co) and (Fe-Co). (c) Ni 2p in (Ni-Co). (d) Fe 2p in (Fe-Co). 
(e) and (f) O 1s in (Ni-Co) and (Fe-Co), respectively. Base line 
and curve fitting of the raw data are shown. The ‘satt. p’ refers to 
satellite peaks. 
 
The voltage vs. capacity profiles for first discharge-charge cycle of 
the spinel cobaltites, ACo2O4 (A= Cu, Fe, Mg, Mn, Ni and Zn) 
from the open circuit voltage (OCV) to 0.005 V vs. Li. (a) (Cu-




























































The voltage range is 0.005-3.0 V. Current ate is 60 mAg-1 (~0.12 C 
for (Mg-Co) and ~0.1C for all other cobaltites).  
 
The voltage vs. capacity profiles for 2nd – 50th charge-discharge 
cycle of (a) (Zn-Co) and (b) (Mg-Co). For clarity, only selected 
cycles are shown. The voltage range and current rate are 0.005-
3.0V and 60 mAg-1, respectively.   
 
Capacity vs. cycle number plots of cobaltites, ACo2O4 in the 
range, 0.005-3.0V vs. Li at 60 mAg-1. Filled and open symbols 
refer to the discharge and charge capacities, respectively. 
 
Cyclic voltammograms of the spinel cobaltites. (a) CuCo2O4 (Cu-
Co), (b) FeCo2O4 (Fe-Co), (c) NiCo2O4 (Ni-Co) from 1st to 12th 
cycles and (d) ZnCo2O4 (Zn-Co) from 1st -6th cycles. The voltage 
range and scan rate are 0.005-3.0 V and 58 µVs-1, respectively. 
Numbers refer to cycle numbers.  
 
Ex-situ TEM of the charged electrodes (at 3.0V after 50 charge-
discharge cycles). The lattice images (a, c, e and g) and SAED 
pattern (b, d, f and h) of (Cu-Co), (Fe-Co), (Ni-Co) and (Zn-Co), 
respectively are shown. In the lattice images, the double arrows 
(↔) indicate the crystalline nano-phase regions. The lattice 
spacing (d–values) obtained from the pattern are assigned to the 
different Miller indices of CuO/FeO/NiO/ZnO and Co3O4. The 
values are listed in Table 3.4. 
 
Capacity vs. cycle number plots of (a) CuCo2O4 (Cu-Co) and (b) 
ZnCo2O4 (Zn-Co) at various current rates at ambient temperature 
(25oC) in the range of 0.005-3.0V. The C-values are calculated by 
assuming 1 C = 800 mAg-1 for (Cu-Co) and 900 mAg-1 for (Zn-
Co). Filled and open symbols represent the discharge and charge 
capacities. 
 
Family of Nyquist plots (Z′ vs. -Z″) for the cell with FeCo2O4 (Fe-
Co) as cathode at different voltages vs. Li. Electrode area is ~2 
cm2. (a) During the first-discharge reaction from the open circuit 
voltage (~ 2.8 V) to 0.005 V. (b) During the first-charge reaction 
from 0.005 V to 3.0 V, and after 10 cycles at 3.0 V. Stabilized cell 
voltages, after 2 h-stand are shown. Selected frequencies in the 
impedance spectra are shown. Symbols represent the experimental 
data points. Continuous lines show fitting using equivalent circuit 
(c). Different resistances, Ri and /or Ri ⎜⎜CPEi (i= e, (sf+ct), (sf+dl) 
and b) components and the Warburg element (W) are shown. 
XRD patterns of (a) CdFe2O4 and (b) ZnFe2O4. Miller indices are 
























































TEM Photographs. (a) CdFe2O4. Scale bar is 50 nm. (b) ZnFe2O4. 
Scale bar is 200 nm.  
 
X-ray photoelectron spectra of ZnFe2O4. (a)  Zn 2p3/2 region, (b) 
Fe 2p3/2 region and (c) O 1s region. Base line and curve fitting of 
the raw data are shown. 
 
The voltage vs. capacity profiles in the voltage window, 0.005-
3.0V at 60 mAg-1 at  room temperature of bare electrode of (a) 
CdFe2O4 and (b) ZnFe2O4. Insets show the discharge profiles in an 
expanded scale in the voltage range of ~0.8 to ~2.5V. (c) Heat-
treated (300oC; 12h; Ar) electrode of CdFe2O4. Only selected 
cycles are shown for clarity. The numbers refer to the cycle 
number. 
 
The capacity vs. cycle number plots in the voltage range, 0.005-
3.0 V at the current of 60 mAg-1 for bare electrode of CdFe2O4 and 
ZnFe2O4, and heat-treated electrode of CdFe2O4. (b) Capacity vs. 
cycle number plot in the voltage range, 0.005-3.0 V at various 
current (C) rates of heat-treated electrode of CdFe2O4. For clarity, 
data for selected C-rates are shown. Filled and open symbols 
correspond to discharge- and charge- capacities, respectively. 
 
SEM micrographs of composite electrode of (a) bare CdFe2O4 and 
(b) heat-treated CdFe2O4 at 300oC for 12 h in Ar-atmosphere.   
 
XRD patterns of (a) bare electrode of CdFe2O4, (b) electrode 
discharged to 1.0V, and (c) electrode discharged to 0.005V. (d) 
Heat-treated CdFe2O4 electrode charged to 3.0 V after 66 cycles. 
Lines due to CdFe2O4 along with the Miller indices are shown. 
Lines due to Cu-substrate are shown. 
 
Ex-situ TEM of bare electrodes charged to 3.0 V after 50 cycles. 
(a) and (c) High resolution lattice image of CdFe2O4 and ZnFe2O4, 
respectively showing the presence of nano-crystalline regions (5-
10 nm) dispersed in amorphous region, marked as 1, 2 and 3. 
Scale bars, 5 nm. (b) and (d) The corresponding SAED patterns of 
CdFe2O4 and ZnFe2O4, respectively. The diffuse spots/rings are 
assigned to the CdO or ZnO and FeO. Miller indices are shown. 
Scale bars, 5 nm-1. 
 
Cyclic voltammograms (CVs) in the potential window, 0.005 -3.0 
V vs. Li at the slow scan rate of 58 µVs-1. Li metal was the counter 
and reference electrode. The numbers indicate the cycle number. 

























































ZnFe2O4 during 2-6 cycles. 
 
Family of Nyquist plots (Z′ vs. -Z′′) of the CdFe2O4-Li system at  
different voltages. (a) During the first-discharge reaction from 
open   circuit voltage (OCV~ 2.8 V). (b) During the first-charge 
reaction. The voltages at which the data were collected are shown. 
Symbols represent the experimental data and continuous lines 
indicate the fitting with the equivalent circuit of Fig. 4.11. 
Geometric area of the electrode is ~2 cm2 and the active mass in 
the electrode is ~3-4 mg. 
 
Equivalent circuit used for fitting the impedance spectra of Fig. 
4.10. Different resistances, Ri and / or Ri ⎜⎜CPEi components and 
the Warburg element, W are shown. 
 
X-ray diffraction (XRD) patterns of (a) nano-(Cd1/3Co1/3Zn1/3)CO3 
(CCZC), (b) (Cd0.75Co0.25) CO3 (CCC), and (c) CdCO3. Miller 
indices (hkl) are shown. The asterisk corresponds to an impurity. 
 
XRD patterns of (a) bare (Cd1/3Co1/3Zn1/3)CO3 (CCZC) (adopted 
from Fig. 5.1a), (b) heat-treated CCZC at 2000C for 6 h (CCZC 
200-6), (c) heat-treated CCZC at 200oC for 12 h (CCZC 200-12) 
and (d) heat-treated CCZC at 280oC for 6 h (CCZC 280-6). Lines 
assigned to the metal oxides are indicated. Miller indices (hkl) of 
bare CCZC are shown. The peaks due to Al-sample holder in (b) 
are indicated. Cu-Kα radiation. 
 
Thermogravimetric analysis (TGA) curves at the heating rate of 5 
oC min-1, in nitrogen atmosphere. (a) Bare (Cd1/3Co1/3Zn1/3)CO3 
(CCZC), (b) heat-treated CCZC at 200oC for 6 h (CCZC 200-6) 
and (c) heat-treated CCZC at 200oC for 12 h (CCZC 200-12). 
Weight loss up to 280oC is 9.25% in (a) bare CCZC and ~ 6% in 
(b and c) heat-treated CCZCs.  
 
SEM photographs of (a) nano-CdCO3, (b) nano-(Cd0.75Co0.25)CO3 
(CCC). Sphere-like agglomerates of fine particles are seen, Scale 
bars are 2µm. (c) SEM photograph of nano-(Cd1/3Co1/3Zn1/3)CO3 
(CCZC). Flower-like agglomerates of nano-size flakes/needles are 
seen. Scale bar is 100 nm. (d) TEM image of CCZC showing the 
needle-shape morphology.  Scale bar is 100 nm. 
 
(a) The EDAX spectrum of bare-(Cd1/3Co1/3Zn1/3)CO3 (CCZC).  
The peaks due to elements, Cd, Co, Zn, C and O are shown.  Inset 
shows the SEM micrograph of bare-CCZC and line indicates the  
selected part used for EDAX. Scale bar is 10 µm. (b) Quantitative 
























































The voltage vs. capacity profiles of nano-(Cd1/3Co1/3Zn1/3)CO3 
(CCZC) in the voltage window, 0.005-3.0V vs. Li at the current 
rate of 60 mAg-1 (0.09C) at room temperature. (a) The first cycle. 
(b) The profiles during the 2-25 cycles. Only selected cycles are 
shown for clarity. The numbers refer to the cycle number. (c) The 
capacity vs. cycle number plots in the voltage range, 0.005-3.0 V 
and 0.005-1.5 V at the current of 60 mAg-1 (0.09C) (1C = 680 
mAg-1). The filled and open symbols represent discharge and 
charge capacities, respectively. (d) Capacity vs. cycle number plot 
in the voltage range, 0.005-3.0 V at various current (C) rates of 
CCZC. For the sake of clarity, data for selected C-rates are shown 
(1C = 680 mAg-1). Filled and open symbols correspond to 
discharge- and charge- capacities, respectively. 
 
Capacity vs. cycle number plot of 200oC-heat treated 
(Cd1/3Co1/3Zn1/3)CO3 (CCZC) in the voltage range, 0.005-3.0V vs. 
Li at the current rate, 60 mAg-1 (0.09C). (a) CCZC 200-6 up to 45 
cycles. As can be seen, the reversible capacity stabilizes to 720 
(±10) mAhg-1 at the 45th cycle. (b) CCZC 200-12 up to 60 cycles. 
 
The voltage vs. capacity profiles of (a) CdCO3 and (b) 
(Cd0.75Co0.25)CO3 (CCC) in the voltage window, 0.005-3.0V vs. Li 
at the current rate of 60 mAg-1  at room temperature. Only selected 
cycles are shown for clarity. The numbers refer to the cycle 
number. (c) The capacity vs. cycle number plots. The filled and 
open symbols represent discharge and charge capacities, 
respectively. 
 
Ex-situ XRD patterns of the electrodes of bare- 
(Cd1/3Co1/3Zn1/3)CO3 (CCZC), and those discharged to 0.5V, 
0.005V, and charged to 3.0 V after 66 cycles. Lines due to Cu-
substrate are shown. Miller indices of the bare-CCZC are 
indicated. 
 
Ex-situ TEM of nano-(Cd1/3Co1/3Zn1/3)CO3 (CCZC) charged to 3.0 
V after 30 cycles. (a) High resolution lattice image. The nano-
crystalline regions dispersed in amorphous regions are clearly 
seen. The derived d-values (interplanar spacings) corresponding to 
the crystalline regions are shown. Scale bar is 5 nm. (b) The 
corresponding SAED pattern. The Miller indices corresponding to 
the diffuse spots are assigned to the metal carbonates (M’CO3, M’ 
= Cd, Co or Zn). Scale bar is 5 nm-1. 
(a) Cyclic voltammograms (CVs) of nano-(Cd1/3Co1/3Zn1/3)CO3 
(CCZC) in the potential window, 0.005 -3.0 V vs. Li at the slow 






















































electrode. The numbers indicate the cycle number. (b) The CVs of 
61-66 cycles. The cell was first subjected to 60 cycles 
galvanostatically at 0.09C-rate in the range, 0.005-3.0V and the 
CVs were recorded.  
 
Cyclic voltammograms (CVs) in the potential window, 0.005 -3.0 
V vs. Li at the slow scan rate of 58 µVs-1. Li metal was the counter 
and reference electrode: (a) CdCO3 and (b) (Cd0.75Co0.25)CO3 
(CCC). The numbers indicate the cycle number. 
 
Perovskite ABO3 structure with A and B cations occupying the  
corner and body centered positions, respectively. O2- ions occupy 
the face-centered sites.  
 
(a) XRD pattern of as prepared CaSn(OH)6, and those heated in air 
at  400, 500 and 600oC for 6 h each and at 600oC for 24 h. The 
asterisk shows the peaks due to Al-sample holder. (b) XRD pattern 
for as prepared CdSn(OH)6, and those heated in air at 400 and 
600oC for 6 h each. Miller indices are shown.  
 
TGA and derivative weight loss curves of CaSn(OH)6 at a heating  
rate of 5oC per min., in air. 
  
TEM images of (a) nano-‘CaO.SnO2’ and (b) nano-CaSnO3. The 
agglomeration of fine particles is seen. The scale bars are 50 nm. 
(c) Nano-CdSnO3 showing the cubic morphology. The inset shows 
a single cube containing agglomerated nano-particles. The scale 
bars are 200 and 100 nm, respectively. 
 
(a) HR-TEM lattice image of X-ray amorphous nano-‘CaO.SnO2’  
(The precursor CaSn(OH)6 heated at 600oC for 6 h.) showing the 
presence of nano-crystalline regions (size, 3-6 nm) dispersed in the 
amorphous region, marked as 1, 2 and 3. (b) The SAED pattern. 
The assignment of the diffuse rings to the phases CaO, SnO2 and 
CaSnO3 are shown. (c) The HR-TEM lattice image of X-ray 
crystalline nano-CaSnO3 (The precursor CaSn(OH)6 heated at 
600oC for 24 h). (d) The corresponding SAED pattern of nano-
CaSnO3. (e) The HR-TEM lattice image of nano-CdSnO3 (The 
precursor CdSn(OH)6 heated at 600oC for 6 h, and (f) 
corresponding SAED pattern of nano-CdSnO3. The Miller indices 
assigned to the spots of CaSnO3 and CdSnO3 are shown. 
 
The voltage vs. capacity profiles at the current rate of 60 mAg-1 at 
room temperature. (a) The first cycle for nano-‘CaO.SnO2’ and 
nano-CaSnO3 in the two voltage windows, viz., 0.005-1.0V and 























































the 2-50 cycles in the voltage window, 0.005-1.0V. (c) The first 
cycle for nano-CdSnO3 in the two voltage windows, viz., 0.005-
1.0V and 0.005-1.3V vs. Li. (d) The profiles during the 2-30 
cycles in the voltage window 0.005-1.0 V. For clarity, only 
selected cycles are shown. The numbers refer to the cycle number. 
 
The capacity vs. cycle number plots at the current of 60 mAg-1. (a) 
Nano-‘CaO.SnO2’, nano-CaSnO3 and nano-CdSnO3 in the voltage 
window of 0.005-1.3V. (b) Nano-‘CaO.SnO2’ and nano-CaSnO3 
in the voltage window, 0.005-1.0 V. (c) The capacity vs. cycle 
number plot at the current of 60 mAg-1 for nano-CdSnO3 in the 
voltage window, 0.005-1.0V. The filled and open symbols 
represent discharge and charge capacities, respectively. 
 
Cyclic voltammograms of nano-‘CaO.SnO2’ in the voltage 
window, (a) 0.005-1.0V and (b) 0.005-1.3 V vs. Li. Cyclic 
voltammograms of nano-CdSnO3 in the voltage window, (c) 
0.005-1.0V and (d) 0.005-1.3 V vs. Li. Slow scan rate is 58 µVs-1. 
Numbers indicate the cycle number. 
 
Ex-situ XRD patterns of the electrode of (a) bare nano-CaSnO3, 
and those discharged to 0.5V, 0.005V, and of (b) bare nano-
CdSnO3 and those discharged to 0.5V, 0.005V. Miller indices (h k 
l ) are shown. Lines due to Cu-substrate and Al sample holder are 
indicated. The y-axis values are normalized for better comparison 
of the XRD patterns. 
 
Ex-situ TEM of nano-‘CaO.SnO2’/nano-CdSnO3 charged to 1.0 V 
after 30/15 cycles. (a) Lattice image of nano-‘CaO.SnO2’. The 
nano-crystalline regions marked as 1 and 2 correspond to metallic 
tin. The other regions (circled) show the overlapping of various 
planes of crystalline metallic tin. (b) The corresponding SAED 
pattern. (c) Lattice image of nano-CdSnO3. The nano-crystalline 
regions marked as 1, 2 and 3 correspond to tetragonal-Sn and 
hexagonal-Cd metals (see text). The circled regions in lattice 
images shows the overlapping of various planes of crystalline 
metallic Cd or/and Sn. (d) The corresponding SAED pattern. The 
Miller indices corresponding to the diffuse spots in the SAED 
patterns are assigned to the metallic tin     and Cd. Scale bars are 
shown. 
Family of Nyquist plots (Z′ vs. -Z′′) for the cell with nano-
‘CaO.SnO2’ as cathode at different voltages vs. Li. (a) During the 
first-discharge reaction from open circuit voltage (OCV ~ 2.6 V) 
to 0.005 V. (b) During the first-charge reaction from 0.005 V to 
1.0 V, and (c) the 11th discharge cycle, after 10 cycles, from 1.0-














































Symbols represent the experimental data points. Continuous lines 
show fitting with the equivalent circuit of Fig. 6.13. Geometric 
area of the electrode is ~2 cm2. 
 
Family of Nyquist plots (Z′ vs. -Z′′) for the nano-CdSnO3-Li 
system at different voltages. (a) During the first discharge reaction 
from open circuit voltage (OCV ~ 2.3 V). (b) During the first 
charge reaction. (c) During 10th discharge cycle. (d) During 10th 
charge cycle. The voltages at which the data were collected are 
shown. Symbols represent the experimental data points and 
continuous lines show fitting with the equivalent circuit of Fig. 
6.13. Geometric area of the electrode is ~2cm2 and the active mass 
in the electrode is ~ 3 mg. 
 
Equivalent circuit used for fitting the impedance spectra of Figs. 
6.11 and 6.12. Different resistances, Ri and / or Ri ⎜⎜CPEi 
components and the Warburg element, W are shown. 
 
Selected Nyquist plots redrawn from Fig. 6.11(nano-‘CaO.SnO2’-
Li system) in an expanded scale, for the determination of the 
limiting frequency (fL). The spectra at 1.5 V and 0.75 V during 
first-discharge, and at 0.1 V and 0.2 V during the first-charge are 
shown. The fL values, selected frequencies and the angles that the 
vertical lines make on the real (Z’-) axis are shown. 
 
XRD pattern of CdO. Miller indices are shown.                                  
 
Voltage vs. capacity profiles of CdO in the voltage range, (a)  
0.005-3.0V, (b) 0.005-1.0V and (c) 0.005-0.8V vs. Li at current 
rate, 60 mAg-1 at room temperature. The profiles of selected cycles 
are shown for clarity. The numbers refer to cycle number. 
 
The capacity vs. cycle number plots for CdO drawn from the  
galvanostatic cycling data in three voltage windows, (a) 0.005-
3.0V, (b) 0.005-1.0V and (c) 0.005-0.8V. The filled and open 
symbols  represent the discharge and charge capacity, respectively. 
 
Cyclic voltammograms (CVs) of CdO in the potential windows, 
(a) 0.005 -3.0 V, (b) 0.005-1.0V and (c) 0.005-0.8V vs. Li at the 
slow scan rate of 58µVs-1. Li metal was the counter and reference 




























































Different primary batteries and their specific applications.                    
 
Different secondary batteries and their characteristics.                          
 
Characteristics of commercial LIBs. 1C is defined as the 
discharge/charge current rate at which the total capacity can be  
extracted / inserted in 1h. 
 
Single elements, their lithiated compositions and alloying reaction  
potential range [4,15,17,43,44]. 
 
Theoretical and experimentally observed capacity for the binary,  
ternary and quaternary alloy forming metal oxides.  
 
Theoretical and reversible capacity of binary and ternary compounds 
based on the ‘conversion’ reactions. 
 
Change in Gibbs free energy of formations (∆G) and emf (E values) 
for the forward reaction of Eqn. 1.20 employing Nernst’s equation 
∆G = -n.E.F (Eqn. 1.3).  
 
Different properties of various LIB cathode materials [4,7,19,161].      
 
Physical properties of solvents [4, 7].                                                     
 
Evaluated lattice parameters of spinels, ACo2O4, A = Cu, Fe, Mg,  
Mn, Ni and Zn, and their comparison with values reported in the  
JCPDS cards and literature.  
 
XPS binding energies (BE, ±0.1 eV) of Co, Ni, Fe and O in  
the compounds, NiCo2O4 (Ni-Co) and FeCo2O4 (Fe-Co) possessing 
the spinel structure. ∆ is the difference in BEs. The fourth column 
gives the peak description and the assigned oxidation state of the 
elements in the compounds.  
 
Theoretical and observed discharge and charge capacities  
(corresponding number of moles of Li per formula unit) for ACo2O4 
(A= Cu, Fe, Mg, Mn, Ni and Zn) compounds. Galvanostatic  
cycling in the, voltage range 0.005-3.0 V vs. Li at the current rate, 
60 mAg-1.  
 
Comparison of the interplanar spacings (d-values) derived from  





















































(Figs. 8 b, d, f and h) of the charged- electrode (3.0 V; after 50 
cycles) of cobaltites with the literature data on AO (A = Cu, Fe, Ni 
and Zn) and Co3O4. 
 
Crystal data, theoretical and experimental reversible capacity  
values of CCZC (Cd1/3Zn1/3Co1/3)CO3, CCC (Cd0.75Co0.25)CO3 and 
CdCO3 in the cycling voltage range, 0.005-3.0 V vs. Li at 60 mAg-1. 
The values given in parenthesis are the number of moles of Li per 
mole of compound. 
 
Change in Gibbs free energy of formation (∆Gf ) as per the forward  
reaction of Eqns. (5.5) or (5.1). The electromotive force (E, Volts) 
values are calculated using Nernst’s equation (∆ G = - n.E.F) where 
F is the Faraday constant and n = 2, the number of electrons 
involved in the reactions of Eqn. (5.1).  
 
Lattice parameters of synthesized CaSnO3 and CdSnO3, and  
comparison with literature data. Theoretical and observed discharge 
and charge capacities (corresponding number of moles of Li per 
formula unit) for nano-‘CaO.SnO2’, nano-CaSnO3 and nano-
CdSnO3 are listed. Galvanostatic cycling was carried out in the 
voltage range, 0.005-1.0 /1.3V vs. Li at the current rate, 60 mAg-1 
(~0.12C, 1C = 490 mAg-1). 
 
Comparison of the interplanar spacings (d-values) derived from  
the HR-TEM lattice images (Figs. 6.10 a, c) and SAED patterns 
(Figs. 6.10 b, d) of the charged- electrode (1.0 V; after 30/15 cycles) 
of nano-‘CaO.SnO2’ and nano-CdSnO3, respectively. The literature 
data on tetragonal-Sn and hexagonal-Cd are given in the last 
column. 
 
Impedance parameters obtained by fitting the impedance spectra of  
the nano-‘CaO.SnO2’ (vs. Li) to the equivalent circuit elements 
during the first cycle, and the 11th discharge cycle, and the apparent 
diffusion coefficients calculated using Eqn. 6.8. 
 
Impedance parameters obtained by fitting the impedance spectra  
of the nano-CdSnO3 (vs. Li) to the equivalent circuit elements 
during the first and 10th cycle, and the ‘apparent’ diffusion 














Rechargeable lithium-ion batteries (LIBs) are being used extensively for low-
power portable electronic appliances such as laptop computers, mobile phones and 
camcorders. Researches are being carried out towards improving the parameters like, 
energy density, long term cyclability, safety-in-operation and reducing the cost in order 
that LIBs can be used in hybrid/electric vehicles, power tools and stationary back-up 
power supplies. Many of the above parameters significantly depend upon the intrinsic and 
extrinsic nature of the electrode materials. Present-day first generation LIBs employ 
LiCoO2 as the cathode (positive electrode), specialty graphite as the anode (negative 
electrode) and non-aqueous Li-ion electrolyte. New anode materials are expected to 
deliver higher and more stable capacity than that obtainable with graphite (theor. capacity, 
372 mAhg-1). In this context, a number of ternary metal oxides and carbonates are 
investigated as the prospective anode materials for LIBs based on the principle of Li-
recyclability by electrochemical processes such as Li-metal alloy formation-
decomposition and/or displacive redox (‘conversion’) reactions.  
Chapter 1 describes the LIBs, principle of operation, research and development of 
LIBs, world market and future trends. A literature survey on the three principal LIB 
components: anodes, cathodes and electrolytes, and the use of nano-technology for 
electrodes in LIB are presented. Motivation for the present study is also given. The 
experimental techniques presently employed in the synthesis, physical and 
electrochemical characterization of the materials have been described in Chapter 2.  
Results are discussed and described in Chapters 3 to 6. Chapter 3 pertains to the 
studies on spinel-structured cobaltites, ACo2O4 (A = Cu, Fe, Mg, Mn, Ni and Zn). The 
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compounds were synthesized either by urea combustion or oxalate decomposition 
methods and physically characterized by XRD, SEM, HR-TEM and XPS studies. The 
electrochemical characterization was carried out by galvanostatic cycling, cycling 
voltammetry and electrochemical impedance spectroscopy (EIS). The Li-cyclability of 
cobaltites is examined as a function of counter matrix ion-A and reaction mechanism 
involved in the electrochemical processes. The underlying reaction mechanism is the 
‘conversion reaction’ of the A- and Co- metal particles with Li2O to form AO and Co3O4 
reversibly except when A = Mg. In addition, reversible formation and decomposition of 
alloy-LiZn also contribute to the reversible and high capacity (900 (±10) mAhg-1) in 
ZnCo2O4. This mixed oxide is found to be best amongst all the cobaltites presently 
studied. In the order of cycling response, the compounds can be rated as: (Zn-Co) > (Fe-
Co) > (Cu-Co) > (Ni-Co) > (Mn-Co) ≈ (Mg-Co).  
In Chapter 4, results on the Fe-based oxides, CdFe2O4 and ZnFe2O4 are described. 
The counter matrix ions, Cd and Zn are chosen since they can undergo Li-cycling via 
both alloying-de-alloying and conversion reactions in addition to the conversion reaction 
of Fe (FeO↔Fe) and thus may contribute to the expected high capacity corresponding to 
9.0 and 7.0 moles of Li per formula unit. Indeed, the capacity of 810(±10) mAhg-1 and 
615 (±10) mAhg-1 corresponding to ~8.7 and ~5.5 moles of Li per mole of CdFe2O4 and 
ZnFe2O4, respectively are achieved at the end of 50 or 60 cycles. The reaction mechanism 
is well supported by ex-situ -XRD, -TEM and -SAED studies. Cyclic voltammetry 
studies on CdFe2O4 and ZnFe2O4 reveal the average discharge potentials ~0.9V and 
charge potentials ~2.1 and ~1.6V, respectively. The impedance data on CdFe2O4 vs. Li 
during the first discharge-charge cycle is fitted to an equivalent circuit and the impedance 
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parameters as a function of voltage are evaluated and interpreted. The contribution of Cd 
in terms of achievable capacity and charge-discharge potentials is ascertained in separate 
studies on binary cadmium monoxide, CdO and is presented in Appendix.  
Chapter 5 deals with the preparation and Li-storage and cycling behavior of the 
mixed/metal carbonates, nano-size-(Cd1/3Co1/3Zn1/3)CO3 (CCZC), -(Cd0.75Co0.25)CO3 
(CCC) and -CdCO3 prepared at ambient temperature and ambient pressure by the solution 
precipitation technique. They are characterized by XRD, TGA, EDAX, TEM and SAED 
studies. We show for the first time, analogous to the mixed oxides, mixed carbonate 
exhibits the Li-cycling via alloying-de-alloying and conversion reactions. A reversible 
capacity of 475(±10) mAhg-1 and 680 (±10) mAhg-1, corresponding to 3.0 and 3.5 moles 
of cyclable Li per mole of CCC (theoretical, 4.25 moles of Li) and CCZC (theoretical, 
3.33 moles of Li), respectively are obtained which are stable at least up to 50 cycles when 
cycled at 60 mAg-1 in the range, 0.005-3.0 V. On the basis of observed experimental data, 
a plausible reaction mechanism is proposed. Thermodynamic calculations were also 
carried out to verify the proposed reaction mechanism.  
Studies pertaining to Li-storage and cyclability of nano-sized- X-ray amorphous 
composite, ‘CaO.SnO2’ or crystalline -CaSnO3 and -CdSnO3 are presented in Chapter 6. 
The phases are prepared by the thermal decomposition of mixed metal hydroxide 
precursors by heating at different temperature, and characterized by XRD, TGA, HR-
TEM and SAED techniques. Nano-size (3-6 nm) grains of CaO and SnO2 in the X-ray 
amorphous ‘CaO.SnO2’ and particles of the sizes of ~60 nm and ~30 nm are obtained for 
nano-CaSnO3 and -CdSnO3, respectively. The galvanostatic cycling is performed in the 
voltage windows, 0.005-1.0 V and 0.005-1.3 V vs. Li at the current rate, 60 mAg-1. The 
 xxv
performance of the nano-composite ‘CaO.SnO2’ (size, 5-6 nm) is found to be superior to 
that of nano-CaSnO3 (crystallite size, ~ 50 nm) and Li-cycling was found to be very good 
in the voltage window, 0.005-1.0V for amorphous and crystalline Sn-based oxides, in 
comparison to the upper cut-off voltage of 1.3V. The underlying reaction mechanism is 
the alloying-de-alloying reaction of Sn and/or Cd in nano-‘CaO.SnO2’/CaSnO3 and nano-
CdSnO3. Counter matrix ion, Ca does not participate in the reactions and remains as CaO 
and acts as a buffering matrix. Cyclic voltammetry studies complement the galvanostatic 
cycling data and reveal that the average discharge and charge potentials are ~0.2 V and ~ 
0.4 or 0.5V, respectively. The proposed reaction mechanisms is well supported by ex 
situ-XRD, -TEM and -SAED studies. Electrochemical Impedance Spectral (EIS) data on 
nano-‘CaO.SnO2’ and nano-CdSnO3 at different voltage during the first and 10th 
discharge-charge cycles (or 11th discharge cycle) are interpreted suitably. The Li-ion 
diffusion coefficients are also evaluated using the EIS data and discussed.  
Significant finding from the present studies are:  
1. For the first time, we have shown that it is a novel strategy to employ compounds 
containing metal ions which can undergo Li-cycling via both alloying-de-alloying 
and conversion reactions to obtain large and stable capacity. Examples are: 
ZnCo2O4 (Chapter 3), CdFe2O4 and ZnFe2O4 (Chapter 4). 
2.  Metal ions like Mg and Mn are not good matrix ions, in comparison to Cu, Co, Fe 
and Ni ions in giving high and stable capacities as has been shown with oxides, 
ACo2O4 (Chapter 3) 
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3. For the first time, we have shown that ‘alloying-de-alloying’ and ‘conversion’ 
reactions involving carbonate ion (CO32-) work as good as the oxide ion (O2-) in 
giving rise to large and stable capacity, and good C-rate-capability (Chapter 5). 
4. Nano-size particles of compounds containing crystallites of size, <10 nm perform 
much better than micron-size particles towards Li-cycling, and the performance of 
nano-composite, ‘CaO.SnO2’ is superior to that of nano-crystalline CaSnO3 
(Chapter 6). 
5. For the first time, we have shown that the mixed oxide, nano-CdSnO3 containing 
two alloy-forming elements (Cd and Sn) acts as a prospective LIB anode (Chapter 
6). 
6. For the first time, we have reported the Li-ion diffusion coefficients (DLi+) in tin-
oxide system, nano-composite ‘CaO.SnO2’ and nano-CdSnO3. The values range 
from 0.5 to 0.9 ×10-13cm2s-1 in the voltage range, V= 0.5 to 1.0 V during the 10th 
cycle for nano-CdSnO3, and ~0.1×10-13 cm2s-1 at V≤1.0V during the first cycle and 
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 1.1 Abstract 
A concise literature survey of the disposable (primary) and rechargeable 
(secondary) batteries and development of lithium ion batteries (LIBs) is presented. The 
principle of operation of LIB, world market, present and future trends of LIB are 
described. This is followed by a literature survey on the battery components- anodes, 
cathodes and electrolytes for LIB and advantages and disadvantages of the use of nano-
technology in LIBs.  The motivation for the present study is included. 
1.2 Definition of Battery 
A battery is a device that converts chemical energy to electrical energy [1-3]. An 
electrochemical cell (also called ‘battery’) is composed of two electrodes (cathode 
(positive) and anode (negative)) connected by an ionically conductive material called 
electrolyte. When these electrodes are connected by means of an external load or device, 
electrons spontaneously flow from negative to more positive potential and ions migrate 
through the electrolyte maintaining the charge balance, and electrical energy can be 
tapped by the external circuit. Two or more electrochemical cells can be connected in 
series and/or parallel combination to form a battery depending upon the required energy 
and voltage. A battery’s characteristics depend upon the internal chemistry, current drain 
and operating temperature [1-3]. The amount of energy per unit mass or volume (Watt. 
hours/kg or Watt. hours/liter) that a battery can deliver depends significantly on the 
voltage and capacity of the cell, which are dependent on the chemistry of the system [1-5]. 
Another important parameter is power expressed in Watt/kg units. Based on the usage 
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and principle of operation, batteries are categorized mainly into two groups, namely 
primary (non-rechargeable) and secondary (rechargeable), and are manufactured in 
various shapes and sizes according to usage. 
1.2.1 Primary Batteries (Non-rechargeable) 
Primary batteries are manufactured to be used once only because its active 
material (chemical) is consumed in a single discharge via an irreversible electrochemical 
reaction. These batteries are usually of low price, easy to carry because of light-weight, 
exhibit reasonably high energy density at low to moderate discharge conditions, require 
minimum maintenance and hence are easy to use [1-5]. The most common primary cells 
(batteries) commercially available are: Zinc-MnO2 (1.5 V) and Li-MnO2 (3.0 V). 
Depending upon their usage, different shape and sizes are available [1-5]. Table 1.1 lists 
different kind of primary batteries and their applications [2,3,5,6].  
Table 1.1 Different primary batteries and their specific applications.   
Primary battery Merits and/or applications 
Zinc-carbon  Medium cost, used in light drain application.  
Zinc-chloride  Similar to zinc-carbon but slightly longer life. 
Alkaline/manganese Long life, widely used in both light-drain and heavy-drain 
application.  
Zinc-silver oxide  Commonly used in hearing aids, watches, and calculators 
Lithium-thionyl 
chloride  
Applications are in computers, electric meters and other devices to 
maintain the memory in the event of main power failure. These are 
relatively expensive.  
Nickel-oxyhydroxide  High current burst applications, such as digital cameras.  
Thermal  High-temperature reserve. Almost exclusively for military 
applications  
                                                           
  1.2.2 Secondary Batteries (Rechargeable) 
The rechargeable batteries are considered as eco-friendly alternatives to the 
primary batteries as far as metal pollution is concerned [5,6]. These can be re-charged by 
applying the electrical current, which reverses the chemical reactions that occur during its 
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use and regenerate its active material for further use. These batteries are also known as 
storage batteries or accumulators. Different kinds of secondary batteries and their 
characteristics are tabulated in Table 1.2 [2-7].   
Table 1.2 Different secondary batteries and their characteristics.  
Battery type Pb-acid Ni-Cd Ni-MH Li-ion 
Nominal voltage (V) 2 1.2 1.2 3.6 
Gravimetric energy 
density, Wh kg-1 30 - 50 45 - 80 60 - 120 110 - 160 
Volumetric energy 
density, Wh L-1 70 100 245 440 
Power density, Wkg-1 200 50-200 150-250 > 300 
Cycle life     (cycles) 200 - 300 1500 300 - 500 500 - 1000 
Self discharge time 
(months) 5 20 20 10 
Operating temperature 























Commonly used in 
cell phones. Also, 




and in military and 
space applications. 
 
1.3 LIB Applications: Present and Future  
 Presently, lithium ion batteries (LIBs) are being used in low power consumer 
appliances like, cellular phones, portable PCs, digital cameras, camcorders, portable hard 
disk drive (HDD), flash music players, video games, personal digital assistant (PDA), 
cordless phones, household devices, electric-bikes, security lighting etc. Depending upon 
the applications, LIBs come in various shapes and sizes. The model-18650 (18 mm dia. 
and 65 mm length) is used in the notebook computers. Table 1.3 gives the comparison 
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between AA and 18650-cells of two companies namely, LG and Sony [5]. Fig. 1.1 shows 
the photographs of AA and 18650 models of LIB. 
Table 1.3 Characteristics of commercial LIBs. 1C is defined as the discharge/charge 
current rate at which the total capacity can be extracted / inserted in 1h.  
Types of Li-ion cells Product 
specifications 
 AA (LG) 18650 (LG) 18650 (SONY) 
Dimensions: (dia. × 
length) 14 × 49 mm 18 × 65 mm 18 × 65 mm 
Capacity, mAh 800 2400 2550 
Weight (typical) 21 g 46.5 g 46 g 
Nominal working 
voltage 3.6 V 3.7 V 3.7 V 
Peak voltage 4. 2 V 4.2 V 4.2 V 
Discharge cut-off 
voltage 2.75 V 2.75 V 3.0 V 
Internal resistance:  
mOhm < 80 < 90 -- 
Cycle performance 85% till 300 cycles 
85%  till 300 
cycles 
85%  till  1000 
cycles 
Cycle life >300 cycles >300 cycles 1000 cycles 
Max. charging 
current 1C 1C 1C 
Max. discharging 
current 2.5C 2.5 C 2.5 C 
  
 Recently, production of LIBs for use in electric vehicles (EVs) / hybrid electric 
vehicles (HEVs) has been announced by some companies [8,9]. Hitachi Vehicle Energy 
Ltd. developed elliptic cell (3.6V), a 4-cell module (14.4V), and an application-specific 
integrated circuit to monitor and control the cells for HEVs [9]. Single cell showed a 
specific energy of 83 Wh kg-1, and specific power out put of 3380 W kg-1 at 50% state of 
charge (SOC). They evaluated 3 kWh pack using 4-cell module data: the specific energy 
was 75 Wh kg-1 and specific power output was 2250 W kg-1 [9]. Fig. 1.2 shows the single 




Fig. 1.1  (a,b) Photographs of commercial AA and 18650 cells. (c) Expanded view of the 
internal construction of cylindrical cell [5,7].  
 
 
Fig. 1.2 (a) Photograph of single cell of nominal voltage, 3.6V and capacity, 18.4 Ah. (b) 
Charge-discharge characteristics of the developed cell. (c) Photo of 4-cell 
module with nominal voltage, 14.4V and capacity, 18.4 Ah. (d) Charge-
discharge characteristics of 4-cell module. Dimensions are in mm. Taken from 
Kojima et al. [9]. 
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1.4 Market Value and Main Battery Manufacturers      
            The global market for LIBs is increasing by more than 20% per year in the past 
few years and targeting to be more than USA $10 billion by the year 2012 [10,11]. A new 
generation of electric vehicles EVs and hybrid EVs employing LIBs will drive the market 
more significantly [9,12]. Fig. 1.3 displays the annual production of LIBs and the market 
value [5,10]. 
 
Fig. 1.3(a) Annual production by different companies, and (b) market value of LIBs, 
projected up to 2012. Data taken from website [5], Ober [10] and Shukla and 
Premkumar [11]. 
 
1.5 Research and Development of Li-ion Batteries 
  Portable power applications continue to boost research and development of 
advanced battery systems. Lithium (Li) has the lightest weight (atomic weight = 6.94), 
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highest voltage (-3.0 V) and greatest energy density, 3860 mAhg-1 in comparison to other 
metals, 820 mAhg-1 for Zn and 200 mAhg-1 for Pb [4,6,7]. These properties have made Li 
as an attractive candidate to be used as a battery material in portable appliances and led to 
the development and commercialization of a variety of primary lithium cells, Li/SO2, 
Li/SOCl2 and Li/MnO2 during 1970s [2-4]. During 1980s many attempts were made to 
develop rechargeable Li batteries using metallic Li as anode. Commercialization of such 
batteries was hampered by difficulties in recharging the metallic Li-anode [1-4,7,11,13-
15]. There were occasional events pertaining to safety due to the reactivity of metallic Li-
surface during electrochemical cycling which caused roughness and thereby dendrites 
(needle-like growth) formation [1-4,7]. These dendrites may grow to an extent that can 
puncture the separator and touch the cathode leading to internal short-circuiting. This can 
raise the battery-temperature suddenly due to transformation of chemical energy to 
thermal energy, and can result in battery bursting into flame.  
A number of approaches have been adopted to eliminate the problems with the 
usage of metallic Li, and these include: usage of less reactive electrolytes, adding 
surfactants which may smoothen the re-growth of Li, controlling the properties of Li-
metal surface by using additives (CO2, N2O, HF) [4,14,16], coating the surface with Li-
ion conducting membrane and adding scavengers to the electrolyte to dissolve the Li-
dendrites [4,7,14,16]. However, the above mentioned strategies could improve the 
performance of Li-batteries to a small extent only. In early 1980s, a breakthrough 
occurred by replacing metallic Li with Li-insertion compounds [4,7,11,13-15]. In 
conjunction with another Li-insertion compound as cathode, the electrochemical cycling 
process would involve the transfer of Li-ions between the electrodes. This approach has 
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led to the development and commercialization of Li-ion batteries (LIBs) by Sony Co., 
Japan in 1990. The development of LIBs and various aspects of electrode materials have 
been described and discussed in various books [2-4,6,7] and review papers [11,13-21].   
1.6 Principle of Operation of LIBs 
Rechargeable LIBs involve a reversible insertion/extraction of Li ions (guest 
species) in to/from a host electrode material during discharge/charge. The Li 
intake/uptake process happening with a flow of ions through the electrolyte is 
accompanied by a redox (reduction/oxidation) reaction of the host matrix assisted with a 
flow of electrons through the external circuit as shown in Fig. 1.4. A large number of 
compounds involving different chemistries were investigated and proposed as prospective 
LIB electrodes (cathode and anode) [1-4,11,13-15,17-21]. In the commercial LIBs, Li-
containing metal oxides (LiCoO2, LiNiO2, LiMn2O4, and LiFePO4) are employed as 
cathodes (positive electrode) and graphitic carbons (MCMB: mesocarbon microbeads) 
[4,7,11,15,17] or amorphous Sn-Co-C composite [22] are used as anodes (negative 
electrode). Li ions are extracted from the positive electrode (cathode) and inserted into 
the negative electrode (anode) during charging.  
During discharging, the process is reversed as illustrated in Fig. 1.4. The 
electrolyte allows the flow of Li-ions between the electrodes but prevents the electron 
flow. Due to the reversible motion of Li-ions between cathode and anode through 
electrolyte, the LIBs are also known as rocking chair, swing and shuttle-cock batteries. 






Fig. 1.4 Principle of operation of LIB. Taken from Manthiram et al. [19]. 
 
Cathode: LiCoO2  ↔ Li1-xCoO2 + xLi+ + xe-  (e- = electron)   (E° = 0.6V)          --- (1.1a) 
Anode:   C + xLi+ + xe-  ↔ LixC                                       (E°  = -3.0V)        --- (1.1b) 
Overall reaction: C +LiCoO2  ↔ LixC  + Li1-xCoO2 ; x =0.5  (Ecell  = 3.6V)       --- (1.1c) 
The thermodynamic quantity describing the change in energy as a function of 
changes in Li concentration in the host matrix is the chemical potential, µ. 




                                         --- (1.2) 
where G is the Gibbs free energy and x is the number of inserted Li atoms. The change in 
free energy can also be expressed as:          
                                                         cellEFnG ..−=∆                                     --- (1.3)  
where n is the number of electrons involved in electrode-reaction, F is Faraday’s constant 
(96500 Coulombs per gm equivalent) and Ecell is the potential difference between the 
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electrodes. This can be defined as the difference between the lithium chemical potential 
of cathode   (µLi(c )) and anode (µLi(a)), and is given by the Eqn. 1.4.      
                                                nF
E aLicLicell
)()( µµ −=
                                          --- (1.4) 
1.7 Need for R & D and Criteria for Selection of Electrode Materials  
As mentioned earlier, LIBs have revolutionized the electronic devices in terms of 
weight reduction, portability and high energy density, and are now the premier source of 
dc electricity. However, presently the LIBs are expensive (three times that of the Ni-MH 
batteries) and for high power applications such as in portable power tools, electric and 
hybrid electric vehicles (EVs/HEVs) and for stationary power supplies (like, for use in 
hospitals, computer servers etc.), there is a need to improve their performance. Further, 
cobalt metal is toxic and expensive and needs to be replaced. 
 The key to improve the performance of LIBs lies in the electrode materials since 
they form a significant portion of the total weight and cost. Hence, there is a need for R & 
D on the electrode materials. Indeed, during the past decade, significant advances in this 
area and several prospective candidates as future-generation anode and cathode materials 
have been discovered, studied and brought to near-perfection. 
 Cathode (positive electrode) materials must contain sufficient amount of Li ‘in-
built’ into the lattices or as a composite to act as Li-sources. Similarly anode should 
accommodate the Li in the structure of materials and work as the sink for Li ions. 
Followings are the characteristics of ideal electrode materials:  
High charge density (mAhg-1): Presently, only ~50% of the theoretical capacity of 
LiCoO2 (274 mAhg-1) is utilized in the present-day LIBs. Thus, as a research goal, 
 10
cathode capacities ~ 300 mAhg-1 are desirable. This implies that the electrode materials 
must have as small molecular weight as possible.  
High density: High volumetric energy density can be obtained if the density of the 
electrode material is high. However, we note that high density and low molecular weight 
are antagonistic.  
Positive equilibrium potential: The rest potentials of the two electrodes determine the 
open-circuit voltage of a given battery and, in combination with the charge-discharge 
capacity, give an indication of the theoretically obtainable gravimetric energy density. 
Therefore, the equilibrium potential of the fully-charged cathode and fully-discharged 
anode should be sufficiently positive and negative with respect to Li/Li+, respectively. 
For example Li0.5CoO2 shows a potential 4.2V vs. Li/Li+ whereas LiC6 shows a potential, 
~0.2V vs. Li/Li+. Studies have shown that Li0.5[CoMn]O4 has a potential ~4.8V vs. Li/Li+. 
This implies that main electrochemical reaction of positive (cathode) and negative (anode) 
electrode should occur at high and low potential vs. Li/Li+, respectively. 
Fast and reversible electrode kinetics: The capacity/potential curve for a reversible 
electrode reaction is characterized by the exchange current density, jo, the transfer 
coefficient, α, the activities of the reaction partners involved in the rate limiting step, and 
also the mass transport restrictions. The jo influences, in combination with the cell voltage, 
the power density of a battery. Highly reversible electrode reactions will result in high 
power density, cycle life, and energy efficiency. Therefore, structural stability is 
important for fast Li-diffusion. Layer structured cathode and anode materials in which Li-
ions can easily insert/de-insert without disturbing the parent structure of host materials 
are preferable. In addition, nano-size particles can perform much better in comparison to 
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the micron-sized particles of the same materials. However, some drawbacks of employing 
nano-sized particles are always associated. The advantages and disadvantages of use of 
nano-technology in the LIBs are discussed in details in Section 1.12. 
Good electronic and ionic conductivities: Good electronic conductivity, preferably that of 
a metal is required for high power applications and also for minimizing energy losses due 
to resistive heating. Less conductive solids such as metal oxides have to be blended with 
graphite or acetylene black to provide the inter-particle connectivity of active materials 
themselves and to the substrate. 
 For intercalation and insertion electrodes, good ionic conductivity is also required 
for sufficiently fast ion movement during cycling. Crystal structures with ion diffusion 
paths, e.g., a three-dimensional (3D) network of channels or sufficiently spaced 2D-layer 
structures, are especially suitable for this purpose. 
Low electrode dissolution: The self discharge rate of a battery depends significantly on 
the solubility of electrode materials in their charged/discharged state. The dissolved 
material (e.g., metal oxides in organic solvents) may diffuse through the separator pores 
and react with the counter electrode (internal short-circuit) or may attack the separator 
material chemically. Therefore, the electrode materials must not be soluble in the 
electrolyte.  
Overcharge compatibility: Single cells can be protected against overcharge by using state 
of charge indicators. However, problems usually arise when a battery pack with cells 
connected in series is charged. Overcharge of a single cell can cause its destruction and 
failure of the whole battery pack. Special charging techniques have to be developed for 
battery packs consisting of cells with low over-charge capability. 
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Chemical and thermal stability of electrolyte: The electrolyte must possess high Li-ionic 
conductivity and must be easily soluble in the non-aqueous solvents like, EC (ethylene 
carbonate) and DEC (diethyl carbonate). The electrolyte also must possess sufficiently 
wide electrochemical stability window. That is, it should not decompose in the voltage 
ranges, 0.2-4.8V vs. Li/Li+. For example, LiPF6 dissolved in EC+DEC exhibits such a 
window of stability. Further, the charged or discharged electrode must not chemically 
react with the solvents. While some amount of reaction is desirable / tolerable, since it 
gives rise to the solid electrolyte interphase (SEI) formation, excessive reaction will give 
rise to undesirable products and ‘drying up’ of the electrolyte. For example, it is known 
that Li0.5CoO2, Li0.5Mn2O4 and LiC6 react with EC/DEC.  Therefore, development of an 
electrolyte solution, which could withstand the broad range of voltages without any 
unwanted oxidation/reduction reaction, is desirable. 
Electrode-electrolyte interface: Electrolyte and electrode contacts have to be 
thermodynamically and kinetically stable (over months or years) with respect to the 
charged or discharged electrodes.  
Synthesis of battery materials: The performance of cathode is a function of Li-content, 
particle size, surface area and adsorbed water content, if any, and these properties are 
dependent on the preparation methods. Thus, synthetic procedures should be devised to 
obtain optimum composition of the material. Moreover, preparation method should be 
easy and environmentally compatible which can be scaled-up for commercialization. 
Dendrite formation: Commercial LIBs suffer from the problem of Li metal deposition on 
the MCMB anode during fast discharge and/or high current rates, thereby causing the 
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problems associated with it. Thus, there is an urgent need to develop alternative (and high 
capacity) anode materials.   
 In addition, the engineering aspects and technology involved in the battery design 
is also crucial for the overall performance of the LIBs.  
In the following, a brief review of the research trends is presented on the 
electrodes and electrolytes for LIB. 
1.8 Prospective Anode Materials for LIBs 
            As mentioned earlier, first-generation LIBs use specialty graphite (mesocarbon 
microbeads (MCMB)) as anode.  It has theoretical capacity of 372 mAhg-1 and also 
suffers from some safety issues at high current-charge rate. Research is underway to find 
superior alternatives to the MCMB. In this context, a large number of metals, alloys, 
simple and complex compounds which can react with Li via various mechanisms have 
been extensively investigated as the prospective anodes for LIBs. These can be classified 
as: 1. Materials based on intercalation-de-intercalation, similar to MCMB, 2. Materials 
based on alloying-de-alloying reactions, and 3. Materials based on ‘conversion’ or 
displacement reactions. 
1.8.1 Materials Based on Intercalation-de-intercalation  
1.8.1.1 Carbonaceous Materials 
Carbon, especially the MCMB, a specially prepared material, is the anode 
presently in use in the commercial LIB because of its high surface reactivity, good 
chemical stability, low thermal expansion and relatively low cost [4,7,11,15,20,23,24]. 
Generally, Li reacts with MCMB via intercalation-de-intercalation reaction mechanism as 
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per Eqn. 1.5. However, it has low theoretical capacity of 372 mAh g-1 [1-4, 7, 11-20, 23, 
24]. 
                    x Li+ + x e- + 6 C ↔ LixC6             0 < x < 1                                         --- (1.5) 
During discharge, electrochemical reduction of the carbon host occurs by which 
the Li-ions (and electrons) enter into the lattice to form an intercalation compound, LiC6. 
The reverse process occurs during charging.  
 It is well-known that carbon can exist in nature in different allotropic forms and 
these have been explored as anode materials for LIBs [4,7,23,24]. The Li-reactivity and 
thereby the capability of reversible Li-insertion-de-insertion depend on the crystallinity, 
texture and morphology of the carbonaceous host material [4,7,23,24]. The different 
types of carbon show the distinct capacity/voltage characteristics during Li-cycling. The 
manifold types are ordered and disordered carbons. The ordered ones are graphitic and 
disordered are non-graphitic. 
1.8.1.1.1 Graphitic Carbon  
Graphite is a form of carbon having a layered lattice structure with a perfect 
stacking either the hexagonal graphite AB (2H- or α–phase) or less common 
rhombohedral ABC (3R- or β-phase). Figs. 1.5a and b show the hexagonal and 
rhombohedral crystal structures of graphite, respectively. Due to the small energy for 
transformation of AB into ABC stacking (and vice versa), perfectly stacked graphite 
crystals are not easily available. However, certain processes like mechanical treatment, 
milling and/or heating may change the stacking [4, 7].  
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 Fig. 1.5 Graphite structures: (a) Hexagonal (AB stacking) and (b) rhombohedral (ABC 
stacking). Taken from Tatsumi et al. [25]. 
 
Li-ion (along with the electron) can be intercalated into graphite to form lithium-
graphite intercalation compounds (Li-GICs) [7,26]. GICs are also layered compounds and 
most important characteristic of GICs is the staging phenomenon, which is characterized 
by intercalate layers that are periodically arranged in a matrix of graphene sheets. Four 
different stage structures (n = 1-4) are known for Li-GICs, depending upon the Li-
concentration. The stage structure changes successively from a higher to a lower stage 
during electrochemical lithium intercalation and in the opposite direction during de-
intercalation.  
1.8.1.1.1.1 Carbon Nanotube / Graphene Nanosheets  
Carbon nanotube (CNT) has been a subject of interest as LIBs anode [27-30].  
The electrochemical performance of CNTs strongly depends on the structure, 
morphology and preparation methods. Arc produced CNTs [27] showed reversible 
capacity, ~200 mAhg-1 whereas, bamboo like carbon nanotube [28] prepared by chemical 
vapor deposition (CVD) process could exhibit only 135 mAhg-1. On the other hand, Wu 
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et al. [29] showed the Li consumption corresponding to capacity of more than 1400 mAh 
g-1 in CNTs.  Accordingly, CNT-based Li-insertion anodes are expected to be high-
strength, durable electrodes with much improved energy and power densities. However, 
less yield, sophisticated instrumentation to prepare the large amount of CNTs, and 
thereby, their high cost and huge irreversible capacity loss are some of the major hitches 
for their commercial exploitation as anodes for LIBs.  
Recently, graphene nanosheet (GNS) materials are also investigated as LIB anode 
[31] and these showed a capacity of 540 mAhg-1. The Li-accommodation and thereby the 
capacity of layered GNS is increased to 730 and 784 mAhg-1  by changing the layer 
spacing between the graphene nanosheets using other interacting molecules like carbon 
nanotube (CNT) and fullerenes (C60), respectively.  
1.8.1.1.2 Non-graphitic Carbon  
The disordered carbons include soft and graphitizable, and hard and non-
graphitizable. The former can be modified to the ordered or graphitic form by heating to 
high temperature >2400oC. However, the latter class of non-graphitic carbon can not be 
modified even by heating to 3000oC. The specific capacity of both the carbon depends 
significantly upon the heat-treatment temperature (HTT) [4,7].   
 Soft carbons, heat treated below 1000oC show capacity in the range of 500-1000 
mAhg-1 [4,7,32]. Similar behavior is noted for hard carbons heat treated below 1000oC. 
However, a large hysteresis in their potential vs. Li is observed which is a disadvantage. 
Different reaction mechanisms have been proposed to explain the large capacity, in 
comparison to LiC6 (372 mAhg-1). These include lithium intercalation between graphene 
sheets with an in-plane LiC2 structure [4,7] and lithium-metal storage in nanoscopic 
 17
cavities [4,7,33]. Specific new forms of carbon which showed high capacity/rate 
capability are MCMB (mesocarbon microbeads or spherical graphite), MCF (micro 
carbon fiber), along with natural and synthetic graphite flakes [4,7,25,32,34].   
Hard carbons heat treated at ~1000oC exhibit specific capacities in the range of 
500-700 mAhg-1 [4,7] and are prepared from petroleum pitch, poly (furfuryl alcohol), and 
phenolic resins. This type of carbon shows low and large potential plateau at 0.05 V 
which makes them as promising candidates as high capacity LIBs anode in near future. 
However, these are highly hygroscopic, have low density, less rate-capability and have 
the risk of Li-metal deposition during charging. 
1.8.1.2 Spinel-Li4Ti5O12 (LTO) 
Spinel-Li4Ti5O12 (LTO) is considered as one of the most promising anode due to 
its special characteristics of small volume change during charge/discharge processes. This 
makes it ‘zero strain’ insertion material which enables a long and stable cycling. Li-
insertion potential is ~1.55 V which is well above the potential of SEI formation [4,35-
37]. Thus, irreversible capacity loss (ICL) due to SEI formation in the first discharge 
reaction is minimized. 
The LTO reacts with Li as per the insertion-de-insertion mechanism during 
cycling with almost negligible change in lattice dimensions. During discharge, Li-ions 
intercalate to form Li7Ti5O12 (forward reaction of Eqn. 1.6) and the reverse reaction 
occurs during charge (backward reaction of Eqn. 1.6) [4,11,15]. The theoretical capacity 
is 175 mAhg-1.  
                          Li4Ti5O12 + 3 Li+ + 3 e-   ↔  Li7Ti5O12                                --- (1.6) 
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Recently, LTO with different nano-structured-morphologies such as, hollow 
spherical, [37], flower like [38] and nano-wires [39] have been studied as high rate-
capable anode materials. The flower like LTO consisting of nano-sheets have shown a 
reversible capacity of ~170 mAhg-1 at 0.2C stable up to at least 100 cycles with excellent 
rate capability [38]. A capacity of 165 mAhg-1 was achieved at 8C when cycled between 
1 to 2.5 V vs. Li. In addition, composites of Li4Ti5O12 and electronically-conducting 
additives such as Ag, C, Cu, CuxO and carbon nano tubes (CNTs) have also been 
investigated for their rate-capability [40-42].  
Features like, zero strain and high-rate capability makes Li4Ti5O12 an attractive 
anode material but the high potential ~1.5V vs. Li and low capacity value ~160 mAhg-1 
than the graphite are the big hurdles towards its commercialization.   
1.8.2 Alloy-de-alloy Reaction  
1.8.2.1 Theoretical Considerations  
Theoretically, the Li-metal alloy based systems can be studied on the basis of 
thermodynamic principles by which the potentials and capacities of electrode materials 
can be calculated. Phase diagrams, which show the phase present as a function of 
temperature and the overall compositions, are useful tools for presenting and 
understanding the thermodynamic information. According to the Gibbs Phase Rule (F = 
C - P + 2, where P= phase, C =component, and F = degree of freedom) [4, 43], if the 
temperature and the total pressure are kept constant, all the intensive parameters, such as 
the chemical potentials of the various species and the electrical potential will be 
independent of the overall composition in the two phase regions of a binary (two 
component) system. On the other hand, in a single phase region, they vary with 
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composition. Similar behavior can be reflected in the electrochemical system following 
the shape of charge–discharge curves.  
However, if we consider binary alloy systems that may have some intermediate 
(intermetallics) phases, their compositional regions will be separated by two-phase 
regions. If the overall composition of the alloy is changed as a result of an 
electrochemical reaction, the electrode potential will go through a series of two-phase-
region plateaus, separated by single-phase-region (under near-equilibrium conditions). 
Such a situation is illustrated schematically in Fig. 1.6a.  
 
Fig. 1.6 Variation of electric potential with the amount of Li. (a) Two phase regions.  (b) 
Single phase region. Taken from Huggins [43]. 
 
When the overall composition of the material is caused to change as a result of the 
passage of current through an electrochemical cell and the nucleation of the next 
equilibrium phase is impeded, further compositional changes can only occur within the 
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crystal structure of the initial phase. Under these conditions, the equilibrium voltage 
plateau sequence is not obtained in charge and discharge curves. Instead, the material 
behaves as though it were composed of a single phase over a wide range. This type of 
behavior is shown schematically in Fig. 1.6b. 
1.8.2.2 Single Element 
 According to the selection criterion for suitable anode materials, the 
electrochemical reaction potential of the anode should be low vs. Li. Group III, IV and V 
elements fulfill the criterion. These include Al, Si, Ge, Sn, Pb, Sb and Bi, which form 
alloys with Li at relatively low voltages vs. Li [11,15,17,43-49]. The underlying reaction 
is Li-metal alloy formation during discharge and decomposition of alloy to give Li and 
metal during charge as per Eqn. 1.7 
                                     x Li + M   ↔ LixM    (M = alloying compound)                --- (1.7)    
Theoretically achievable capacities along with the value of x for these alloys are 


















































   
 
                         Fig. 1.7 Theoretical specific capacity for different alloying systems.  
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Table 1.4 Single elements, their lithiated compositions and alloying reaction potential 
range [4,15,17,43,44]. 
 
Element, M Range of x in LixM Voltage range vs. Li, V 
Al 0.0 – 1.0 0.4 
Si 0.0 - 4.4 0.0 -1.2 
Sn 0.0 - 4.4 0.3-0.7 
In 0.0 - 3.0 0.08-0.5 
Zn 0.0 - 1.5 0.15-0.5 
Cd 0.0 - 3.0 0.05-0.7 
Pb 0.0 - 4.4 0.3-0.6 
Sb 0.0 -3.0 0.94V 
Bi 0.0 - 3.0 0.8 V 
 
   Considerable attention has been paid to group IV elements which can consume 
about 4.4 moles of Li per mole of formula unit of element, M and give rise to high 
capacities of 990 mAhg-1 for M = Sn and 4200 mAhg-1 for M = Si. Indeed, studies 
showed high gravimetric capacities initially but exhibited extensive capacity-fading upon 
long-term cycling. This is due to enormous volume variations in the unit cell (up to 
~300%) which occurs during alloying-de-alloying reactions upon cycling which causes 
mechanical stress/strain development in the electrode material. Eventually, the electrode 
material cracks and its electrical integrity is destroyed [4,11,15,17,43-49].  
   The problem of volume variation and capacity-fading is addressed to some extent 
by adopting the following strategies:  
(i) Reduction of the particle size of active materials to the nano-meter (nm) range 
exhibits better Li-cycling behavior since mechanical stress/strain can be reduced 
to some extent and thereby the agglomeration of active material [44, 48] since it 
is shown that if the crystallite size of the active material is small, the large 
absolute volume changes can be minimized to some extent [4,44].                                                
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(ii) Development of some composites where metal M is dispersed homogeneously 
in electrochemically active/inactive matrices towards the Li [44,50-54]. The 
inactive phases were preferred to be comprised of a soft and ductile matrix of 
quite sufficient volume (60-70%), which could buffer the mechanical 
stresses/strain caused by the electrochemically active phase during cycling.  
(iii) Coating the surface of electroactive materials with suitable conductive elements 
[4,11,15,17,44].   
(iv)      Choice of binder: Capacity loss mainly occurs due to the contact loss of active 
material from the current collector.  In electrode fabrication, the amount and 
type of binder play an important role to keep the whole active material in 
contact with the current collector. Recent studies showed that CMC (carboxy 
methyl cellulose) is found to be beneficial for Li-cycling of Si-based 
compounds [17,55]. 
         However, usage of small particles could not alleviate the volume variation 
completely alone since long term cycling causes the development of huge mechanical 
stress/strain that leads the cracking and crumbling of the electrode material.  Through 
these cracks, the electrolyte penetrates into the fissures between the current collector and 
active materials and finally decompose to form electronically insulator species [4,44,49]. 
This leads to the loss of electronic contact between the particles and current collector.  
 To improve the Li-cycling of alloy anodes, the (ii) strategy, namely 




1.8.2.3 Intermetallics/Composites   
The cycling performance of Li-alloys can be significantly improved if 
intermetallics and/or composite hosts are used instead of pure elements 
[4,11,15,17,44,45]. The fundamental concept of using intermetallics or composites is that 
at a certain stage of charge/discharge (at specific potential), one or more 
components/phases of the composites or intermetallics mainly participate in the 
alloying/de-alloying reaction with Li, whereas other components/phases are either less 
active or inactive towards the Li which works as matrix, buffering the volume variation in 
unit cell [4,11,17,44,49]. In addition, the prerequisite for a successful application of this 
concept are: (i) The reactants should be homogeneously dispersed in the matrix. (ii) 
Matrix should allow the Li-ion and electron to move between the reactants, i.e., it will be 
good if matrix is a mixed conductor. (iii) The reactant crystallite size should be 
sufficiently small so that particle size effect will be more effective in Li-cycling. Fig. 1.8 
shows the schematic representation of dispersion of matrix and reactant. 
 
Fig. 1.8 Schematic representation of dispersion of matrix and reactant. Taken from 
Winter and Besenhard [44]. 
 
To this end, a large number of transition/non-transition metals have been used as 
the active / inactive matrices to investigate Li-cycling of alloying-de-alloying center in 
the form of intermetallics/composites.  These include: M-M’ where M = (Co, Fe, Ni, Mn 
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and V) as the spectator matrix and M’ = electrochemical active element like Sn, Sb and Si 
[4,11,44,51]. The Li uptake/reduction induces dissociation of the starting material into an 
active component, M’ that will react with Li to form Li-M’ alloys, and an inactive part M 
as described in Eqn. 1.8.  
M-M’ + x Li+ + x e- → M + LixM’              ---  (1.8) 
LixM’ + M → M’ + M + x Li+ + x e-           ---  (1.9a) 
LixM’ + M → M-M’ + x Li+ + x e-             ---  (1.9b) 
 However, during charge, two processes may occur based on the degree of back 
reaction, either the de-lithiation of the LixM’ alloys leads to metallic M’ dispersed in a 
framework composed of the M atoms (Eqn. 1.9a) or the starting material is re-formed 
(Eqn. 1.9b). Re-formation of parental compounds was found to occur in the case of Sn2Fe 
[51]. Additionally, intermetallics which are made up of both the electroactive elements 
such as, Sn-Sb [54,56], Si-Sn [57,58] and Si-Zn [57] have also been studied. Both the 
elements in these intermetallics undergo the alloying reaction individually occurring at 
different potentials in which unreacted phase acts as the buffering matrix while other 
phase reacts with Li. This kind of intermetallics allows the electrode to give high capacity, 
as both the elements are capable of alloying with Li. 
As mentioned earlier, an anode material should be electronically/ionically 
conducting which could facilitate the Li–ion conduction in order to improve the kinetics 
of the reversible reactions. In this context, many elements such as Sn and Si were 
incorporated with conducting material like Ag, Cu and C which provides the conducting 
channel to Li [59-61]. Specifically, attention has been paid to the incorporation of 
conducting carbon C with Sn and Si intermetallics /composites to improve the Li-
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cyclability [60-62]. Derrien et al. [60] found a stable capacity of ~500 mAh g-1 for at least 
200 cycles in the voltage window, 0.005-1.5V at 0.8C-rate for nano-Sn-C composite. Ng 
et al. [62] employed the pyrolysis method to prepare carbon-coated Si nano-composites 
which showed a high capacity of ~1500 mAh g-1. Hu et al. [63] prepared Si@SiOx/C 
nano-composite with a typical core/shell structure and showed improved Li-storage 
performance.  
 After Sony’s announcement in 2005 [22] of using Co-Sn-C nano-composites as 
anode in their LIB, a number of ternary tin composites/intermetallics [52,64,65] have 
been explored as prospective LIB anodes. For the mechanically alloyed (CoSn2+C+Co) 
and (CoSn+C) nano-composites, Ferguson et al. [64] observed capacities of ~450 and 
~280 mAh g-1 stable in the range of 10-100 cycles when cycled in the voltage window, 
0.005-1.2V at 0.2C-rate. 
1.8.2.3.1 Insertion Intermetallics  
 Insertion intermetallics are the special class of intermetallics in which a 
significant proportion of reversible capacity arises as a consequence of insertion of Li 
into the compound [66-68]. This insertion is called the topotactic Li-intercalation. These 
kinds of compounds can exhibit good specific and volumetric capacities without the 
problems associated with extensive volume variation in unit cell as found with the other 
alloys. The η-Cu6Sn5 and Co and Ni- substituted Cu6Sn5 [66,67] and Cu-Sb [68] are some 





1.8.2.4    Metal Oxides Based on Alloying-de-alloying  
1.8.2.4.1   Amorphous Tin Composite Oxide, ATCO 
     In addition to pure metals and intermetallics, a large number of metal oxides 
have also been studied extensively as LIB anodes. Usage of Sn-based composite oxides 
as anode materials by Fuji Photo Film Celltech in 1997 boosted the research activity on 
tin-based oxides as anode material for LIBs.  ATCO [69] showed a high specific capacity, 
>600 mAh g-1 and volumetric capacity > 2200 Ah L-1 as compared to graphite 
(theoretical specific capacity, 372 mAh g-1 and volumetric capacity, 837 Ah L-1).  The Li 
reactivity is based on active/inactive reactant and matrix phenomenon as described earlier 
for multiphase intermetallics in which only Sn-compounds form the electrochemically 
active center and considered as the reactants whereas oxides of B, P and Al form 
electrochemically-inactive network. The tin oxide is first reduced to Sn-metal (Eqn. 1.10) 
followed by the reversible alloying-de-alloying reactions as per the Eqn. 1.11.  
1.8.2.4.2 Binary Oxides  
Studies on binary metal oxides include SnO, SnO2, PbO, ZnO, Sb2O3, In2O3 and 
CdO [70-79]. Theoretically achievable capacity based on alloy-de-alloy reaction and 
experimentally observed values in different voltage window is shown in Table 1.5.  
Among these, binary tin oxides (SnO and SnO2) [74-87] gained considerable 
attention and have been studied in depth. The first discharge reaction of SnOx (x = 1 for 
SnO and x = 2 for SnO2) with Li is irreversible crystal structure destruction or 
amorphisation of lattice followed by the formation of nano particles of Sn metal 
embedded in the Li2O matrix as per Eqn. 1.10. Further, in-situ formed Sn metal reacts 
with Li to form Li4.4Sn alloy (forward reaction of Eqn. 1.11) [74-87]. Upon charging, 
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alloy- Li-Sn dissociates first to form Sn metal (backward reaction of Eqn. 1.11) followed 
by tin-oxide SnOx (x ≤ 2) formation (forward reaction of Eqn. 1.12 ) as a consequence of 
Li2O-decomposition depending upon the upper cut-off potential. [76,77,79,88].   
                                     SnOx + 2x Li+ + 2x e- → Sn + x Li2O  (e- = electron)    --- (1.10)                             
                                     Sn + 4.4Li+ +  4.4e- ↔ Li4.4Sn                                        --- (1.11) 
                                     Sn + xLi2O ↔ SnOx + 2x Li+ +2e-          (x ≤ 2)            --- (1.12) 
Table 1.5 Theoretical and experimentally observed capacity for the binary, ternary, 
quaternary alloy forming metal oxides.  
 
Obs. cap., mAh g-1  Ref. 
Oxide Mol. weigh. 
Cap. for 1 
mole Li per 
formula 
unit,    
mAhg-1
Theor. cap. 










SnO 134.7 199 876 760  (2.0) 500 (10) 73 
SnO2 150.7 178 783 660  (2.0) 380 (08) 73 
ZnO 81.4 329 329 390  (2.0) 260 (13) 73 
PbO 223.2 120 528 420  (2.0) 190 (16) 73 
Sb2O3 291.5 92 552 500  (2.0) 280 (09) 73 
In2O3 277.6 97 582 350  (2.0) 200 (11) 73 
CaSnO3 206.7 130 572 375  (1.0) 380 (40) 93 
SrSnO3 254.3 105 462 284  (1.0) 082 (40) 92 
BaSnO3 304.0 88 387 250  (1.0) 122 (40) 92 
MnO.SnO2 221.6 121 532 1000 (2.0) 400 (20) 96 
MgO.SnO2 190.7 141 620 800 (2.0) 550 (20) 95 
CoO.SnO2 225.6 119 524 1200 (3.0) 850 (20) 97 
SnSiO3 195.4 116 510 650 (2.5) 600 (02) 76 
Li2SnO3 180.7 148 651 685 (2.0 ) 150 (10) 94 
Mg2SnO4 230.7 116 510 330 (1.5) - 90 
Mn2SnO4 292.6 92 403 322 (1.5) - 90 
Co2SnO4 300.6 89 392 290 (1.5) - 90 
Zn2SnO4 313.5 86 550 900 (3.0) 550 (50) 91 
Ca2SnO4 262.7 102 449 214 (1.0) 230 (40) 92 
SnP2O7 292.7 92 405 365 (1.2) 275(100) 89 
Sn2BPO6 375.2 71 625 410 (1.3) 300 (20) 77 
NaFeSnO4 261.5 102 451 382 (1.0) 342 (50) 101 
K2(Li2/3Sn22/
3)O16
1209 22 710 602 (1.0) 470 (50) 100 
VSbO4 236.7 113 339 484 (3.0) 500 (30) 98 
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Li-cyclability of oxides was found to be better than the pure metals due to in-situ 
formed- inactive matrix of Li2O. This matrix of Li2O was demonstrated to be a beneficial 
volume buffering matrix which helps to keep the Li-Sn regions together and prevents Sn-
agglomeration [76-80].  However, SnO and SnO2 showed capacity- fading upon long 
term cycling which was attributed to the inability of Li2O to prevent complete 
agglomeration of tin metal particles into large grains which causes the large volume 
variation in unit cell. Analogous to pure metal and intermetallics, similar approaches 
were adopted to decrease the capacity-fading such as usage of nano-phase active 
materials [4,11,18,20,82], mixing/coating with conducting/insulating species [4,11,74,84] 
and/or using other active/inactive matrix element [44,85].  
Different shapes, sizes and morphologies of the active material have shown a 
significant effect on the Li-cycling in terms of achievable capacity and its retention. Kim 
et al. [82] obtained a capacity of 600 mAhg-1 in SnO2 consisting 3 nm-sized particles. The 
nano-wire of SnO2 prepared by self-catalysis-growth procedure showed superior Li-
cycling than the powder. However, a continuous capacity-fading was observed [83]. The 
amorphous composite SnO2-CuO-Li2O films with porous, spherical, multideck-cage 
morphologies showed a high capacity of 1150 mAhg-1 upon cycling with excellent rate 
capability [85]. Nano-particle coating of insulating AlPO4 [84] and conducting / 
amorphous carbon or carbon nanotubes (CNTs) [11,18,74,87] were found to be beneficial 
for the Li-cycling of tin oxides. Chen et al. [87] studied the single-walled carbon nano-
tube– (SWCNT)/SnO2 core-shell structures as Li-insertion materials and obtained a 
capacity of 900 mAhg-1 up to 100 cycles.  
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 In addition to the use of nano-phase oxides, the optimum voltage window for Li-
cycling is an additional key to reduce/suppress the capacity-fading. The effect of lower 
and upper cut-off potentials on the Li-cycling of binary tin oxides has been studied. 
Results showed that the capacity fades faster if the cycling is carried out above the 1.0V 
vs. Li [76,77,79]. Beyond 1.0 V, freshly formed Sn metal reacts with Li2O and form tin 
(II) oxide [76,77,79,88] (Eqn. 1.12). This process reduces the buffering ability of Li2O 
matrix and thus, gives rise to capacity-fading.  Therefore, for tin oxides, the best 
operating upper cut off voltage is found to be ≤ 1V. However, confining the Li-cycling 
voltage range reduces the experimentally observed capacity which is usually a trade off 
between the capacity values and their retention. 
1.8.2.4.3 Ternary and Quaternary Oxides 
A number of studies showed the importance of ratios of electrochemically 
inactive to active domains for the Li-cyclability of metal oxides. Dahn’s group showed 
that finer grain–sized materials with a larger spectator (inactive) atom to Sn (active) ratio 
shows an improved cyclability than the larger grain-sized with a smaller ratio [75]. The 
presence of higher spectator atom content to Sn minimizes the growth of Sn-metal 
clusters, thereby facilitating a decrease in the saturated size of the Sn-clusters. A large 
number and wide variety of alloy forming ternary/quaternary oxides with different active 
to inactive metal ratios and crystal structures are investigated in the past decade [77,89-
100]. Some examples are: Ternary Sn-oxides in crystalline form: SnP2O7,[89] M2SnO4 
(M = Mn, Mg, Co, Zn and Ca)[90-92], MSnO3 (M = Sr, Ca and Ba)[92,93], Li2SnO3, 
SnSiO3 [76,94] and composite of ‘MO.SnO2’ (M = Mg, Mn and Co)[96-98], antimony 
oxides-VSbO4, [98] and MSb2O6 (M = Ni, Co) [99] and quaternary tin hollandites –
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K2(MSn)8O16 (M = Li, Mg, Fe)[100], Sn2BPO6 [77] and NaFeSnO4 [101]. Among these 
best results in terms of high capacity and stable cyclability are exhibited by CaSnO3 [93], 
SnP2O7 [89] with cubic structure. These studies highlighted CaO and P2O7 as good 
matrices. It may be mentioned that the studies by Behm and Irvine [89] on SnP2O7 
possessing two different crystal structures (cubic and layered) indicated the effect of 
starting crystal structure. Cubic phase of SnP2O7 was found to be superior over layered 
SnP2O7 in terms of observed reversible capacity and its retention on cycling.  
1.8.2.4.3.1 Reaction Mechanism for Ternary/Quaternary Oxides 
 The first-discharge reaction with Li-metal always involves the destruction of the 
crystal structure or amorphisation of the lattice of the virgin mixed oxide. This results in 
the formation of Sn/Sb metal nano-particles and Li2O. Reduction of counter metal ions to 
metals depends upon the magnitude of free energy of formation of the respective oxide in 
comparison to Li2O. In the case of Mg2SnO4 [90] Ca2SnO4 and MSnO3 (M = Sr, Ca and 
Ba) [92,93], studies have shown that only MO (M = Sr, Ca, Mg and Ba) are formed 
(Eqns. 1.13 and 1.14a ), whereas in the case of M2SnO4 [M = Co, Zn] [90,91] the nano-
particles of M are formed along with Li2O (Eq 1.14b). In the case of MSb2O6 (M= 
Ni/Co)[99], it follows the Eqn. 1.17 where metal of Co/Ni are formed. For VSbO4 [98], V 
(II) oxide is only formed and follows the Eqn. 1.18. The freshly formed Sn, Sb and Zn 
metal nano-particles, embedded in the inert oxide matrix, react with Li to form alloy-
Li4.4Sn, Li3Sb and LiZn (forward reaction of Eqns. 1.11, 1.15 and 1.19), respectively. On 
subsequent cycling up to 1V, alloying-de-alloying reaction of Li with Sn/Zn/Sb takes 
place as shown in the equations. In case of hollandites, K2(MSn)8O16, K2O and MO are 
formed and these act as the inactive buffering matrix for Li-cycling (Eqn. 1.16).  
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ASnO3 + 4Li+ + 4e- → AO + 2Li2O + Sn   (A= Ca,Sr,Ba)(e- = electron)               --- (1.13)                       
M2SnO4 + 4Li+ + 4e- → 2(MO + Li2O) + Sn ( M = Mn, Mg and Ca)                   --- (1.14a) 
M2SnO4 + 8Li+ + 8e- → 2M + 4Li2O + Sn         (M = Co and Zn)                        --- (1.14b) 
 Li+ + e- + Zn  ↔ LiZn                                                                                            --- (1.15) 
K2(MSn7)O16 + 28Li+ + 28e- → K2O +  MO + 7Sn +  14Li2O (M = Mg)              --- (1.16)  
MSb2O4 + 8Li+ + 8e-→ M + 2Sb + 4Li2O   (M = Co, Ni)                                      --- (1.17) 
VSbO4 + 6Li+ + 6e- → VO + Sb + 3Li2O                                                               --- (1.18) 
3Li+ + 3e- + Sb  ↔ Li3Sb                                                                                        --- (1.19) 
However, these complex metal oxides suffer from the problem associated with the 
huge irreverssible capacity loss (ICL) (difference between first discharge and charge 
capacities)[49]. The ICL is mainly attributed to in-situ Li2O formation, and solid 
electrolyte interphase (SEI) and polymeric-gel type layer [4,49].  
1.8.3   Displacement or Conversion Reaction 
         1.8.3.1   Metal Oxides  
         The group of Tarascon studied several transition metal binary oxides, MO (M = Co, 
Ni, Cu and Fe) as anode material for LIBs [102-106]. The underlying reaction mechanism 
was shown to differ from classical intercalation/de-intercalation and alloying/de-alloying. 
It involves the displacive redox reaction with the formation/decomposition of Li2O 
according to the Eqn. 1.20.  
     MO + 2Li+ + 2e- ↔ Li2O + M  (M = Co, Fe, Ni and Cu) (e- = electron)          ---(1.20) 
Typical capacities vs. voltage profiles for MO and the observed capacities are 
shown in Fig. 1.9 and Table 1.6, respectively. As can be seen in the discharge profiles, it 
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is made up of two regions: one is flat plateau marked as 1 and another is sloping region 
marked as 2.   
 
Fig. 1.9  First discharge and charge curves for MO/Li (M = Co, Ni, Fe, Cu). Taken from 
Poizot et al. [103]. 
 
Among these, CoO possessing cubic rock-salt structure showed superior cycling 
response over other metal oxides and received immense attention. The above mentioned 
reaction mechanism is well supported by in-situ/ex-situ physical measurements such as 
X-ray diffraction (XRD), transmission electron microscopy (TEM) at different potentials 
during discharge and charge. The findings of these studies reveal:  
1. First discharge reaction is the crystal structure destruction (amorphisation of 
lattice) followed by the formation of nano- particles of metal (size, ~5 nm) 
embedded into the Li2O matrix which can be attributed to the large flat plateau 
seen at ~0.7V (Fig. 1.9).  
 33
2. During charge, the re-formation of CoO is seen as a consequence of 
decomposition of Li2O. Though Li2O is electrochemically inert but it is 
catalyzed to participate in the electrochemical reaction by the nano-phase nat- 
Table 1.6 Theoretical and reversible capacity of binary and ternary compounds based on 
the ‘conversion’ reactions. 
 





composition Theo. Exp. cap. (±10) 
(cycle number) 
Ref. 
CoO 074.9 Co / Li2O 715 750 (100) 102 
CdO 128.4 Li3Cd / Li2O 1043 100 (10) 70 
NiO 074.7 Ni / Li2O 717 200 (50) 102 
Cu2O 143.1 2Cu / Li2O 749 400 (100) 102 
Fe2O3 159.7 Fe / Li2O 1007 680 (80) 109 
Co3O4 240.8 3Co / 4 Li2O 890 700 (100) 120 
NiCo2O4 240.6 Ni, 2Co / 4 Li2O 817 884 (1) 122 
MnCo2O4 236.8 Mn, 2Co / 4 Li2O 830 500 (50) 123 
Fe3O4 231.5 3Fe / 4 Li2O 926 900 (50) 128 
NiFe2O4 234.4 Ni, 2Fe / 4 Li2O 915 600 (80) 129 
CoFe2O4 234.6 Co, 2Fe / 4 Li2O 914 800 (75) 129 
ZnFe2O4 241.1 LiZn, 2Fe / 4 Li2O 1000 400 (100) 131 
CaFe2O4 215.7 CaO, 2Fe / 4 Li2O 746 195 (50) 101 
CaMoO4 199.9 CaO/LixMoO2/Li2O 335 290 (50) 135 
MnV2O6 252.8 Mn, 2VO/ 4 Li2O 424 670 (1st charge) 138 
Fe2VO4 226.6 2Fe, VO /4 Li2O 710 200 (30) 140 
CrN 066.0 Cr / Li3N 1218 1100 (30) 143 
VN 064.9 V / Li3N 1236 800 (50) 142 
CoP3 151.8 Co / 3 Li3P 1588 600 (10) 152 
Sn4P3 567.7 4 Li4.4Sn / 3Li3P 1256 370 (50) 151 
TiF3 104.9 Ti / 3 LiF 766 525 (15) 155 
TiOF2 101.9 LixTiOy–LiF’ --- 400 (100) 157 
MgH2 026.0 Mg /2 LiH 2062 520 (50) 158 
FeC2O4 143.9 Fe / Li2C2O4 372 400 (75) 159 
MnCO3 114.9 Mn / Li2CO3 466 450 (25) 160 
 
ure of in-situ formed Co-metal due to the fact that chemical and physical  
properties are strongly biased when nano-size particles are used. Also, based on 
in-situ XRD measurement, Obrovac et al. [107] proposed that the re-formation 
of the parental β-CoO (high temperature form) does not occur but, a different 
form of CoO called ‘α-CoO’ (low temperature form) occurs. 
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3. Sloping region (marked as 2) seen in the capacity-voltage profiles (Fig. 1.9) 
consumes some extra Li and contribute to a higher first-discharge capacity than 
the theoretical value. The extra consumption of Li in metal oxides is attributed 
to three reasons: one is the SEI formation. Second is the polymeric gel-type 
layer formation on metal particles due to catalytic electrolyte decomposition 
upon deep discharge [102-106]. Finally, the interfacial storage of Li may occur 
at the interface of metal nano-particles and Li2O [108].  
4. The polymer gel-type layer is presumed to dissolve when charged to voltages > 
2.0 V [105]. Studies showed that this formation/dissolution is beneficial for 
stable Li-cycling. This implies that it is essential to cycle transition metal oxides 
in the range of 0 -3.0 V [105].  
1.8.3.1.1   Thermodynamic Considerations of the Conversion Reaction 
Thermodynamic calculations were also carried out to support the unusual 
conversion reaction, Eqn. 1.20. The equilibrium potential can be calculated for the 
forward reaction of Eqn. 1.20 using the Nernst’s equation shown in Eqn. 1.3 [103]. If a 
given equation is thermodynamically spontaneous in the forward direction, it should also 
proceed in the reverse direction when an external emf greater than equilibrium potential 
is applied [103]. The derived values of electromotive force, E vs. Li+/Li employing the 
Gibbs free energy of formation for some transition metal oxides are tabulated in the Table 
1.7.  
The calculated values of E are different from the experimentally observed flat 
plateau potentials during first discharge. This deviation was attributed to the slow kinetics 
of the electrode and showed the importance of overpotential which is needed to initiate 
 35
and complete the decomposition reactions. This was confirmed by the data of 
chronopotentiogram studies on CoO/Li system studied at the C/5 rate with an OCV (open 
circuit voltage) period in the middle of the plateau in order to reach the equilibrium 
potential. This took almost 100 h to attain an OCV of 1.3 V [103]. 
Table 1.7 Change in Gibbs free energy of formations (∆G) and emf (E values) for the 
forward reaction of Eqn. 1.20 employing Nernst’s equation ∆G = -n.E.F (Eqn. 1.3).  
 
 Oxide ∆G (kJ mol-1) emf (V) 
CuO -128 2.25 
Cu2O -148 2.15 
NiO -212 1.81 
CoO -214 1.80 
FeO -251 1.61 
MnO -363 1.03 





Apart from the CoO, the next most studied transition metal oxide is the iron oxide, 
Fe2O3 [109-113]. The Fe-based oxides can deliver high capacity, are cheap and eco-
friendly in nature. During first discharge, Fe2O3 is first reduced to the metal (Fe) 
dispersed in the Li2O matrix via crystal structure destruction which leads the 
consumption of 6 moles of Li per mole of Fe2O3 (forward reaction of Eqn. 1.21a) [109-
113]. During charge, the formation of the iron oxides (FeO or Fe2O3) occurs. Studies 
showed that the conversion of Fe (0) to Fe (II) or Fe (III) during charge depends upon the 
particle size, matrix element, if any, and local anion environment in which 
electrochemical reaction takes place [109-113]. Reddy et al. [109] studied nano-flake 
Fe2O3 and obtained a capacity of 680 (±20) mAhg-1 which corresponds to the 4 moles of 
cyclable Li (Eqn. 1.21b). Chen et al. [110] observed a high capacity of α-Fe2O3 
nanotubes corresponding to Eqn. 1.21a. Morales et al. [111] showed that addition of TiO2 
to Fe2O3 is helpful to achieve oxidation of Fe (0) to Fe3+ in addition to Fe2+ during charge.  
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                        Fe2O3 + 6 Li+ + 6 e- ↔ 2 Fe(0) + 3Li2O                 --- (1.21 a) 
                        2 Fe(0) + 2 Li2O ↔ 2 FeO + 4 Li+ + 4  e-                     --- (1.21 b) 
Except for a few studies, Fe2O3 is found to show poor capacity retention, possibly 
due to its inherent low electronic conductivity and slow kinetics [110-112]. Recently, 
Dahn’s group [113] showed that a stable cycling response of micron sized-Fe2O3 can be 
achieved by heating the binder, PVDF in a composite electrode at 300oC for 12 h in argon 
atmosphere followed by cooling to ambient temperature. The melting and solidification 
of the binder (PVDF) in the composite electrode is supposed to help in better compaction 
and current-collection of the active material. 
1.8.3.1.2 Spinel-M3O4 (M = Co and Fe) 
Tri- cobalt and iron oxides (Co3O4, Fe3O4 (magnetite)) possess the spinel structure 
in which metal ions adopts 2+ and 3+ valancy states [4,7]. The reaction mechanism with 
Li involves the Li-intercalation into empty tetrahedral voids of M3O4 up to a small extent 
to form LixM3O4 (x <1) as a single phase reaction followed by crystal structure 
destruction (or amorphisation of lattice) and formation of nano-metal particles of M(0) 
embedded in the Li2O matrix as per given in the Eqn. 1.22.   
    M3O4 + x Li+ + x e- → LixM3O4 + (8 - x) Li+ +(8 - x) e-  → 3M + 4Li2O    --- (1.22) 
    3M + 3 Li2O ↔ 3MO + 6 Li+ + 6 e-                                                                                             ---  (1.23a) 
     3M + 4 Li2O  ↔ M3O4 + 8 Li+ + 8 e-                                                           --- (1.23b) 
Upon charging, the formation of MO (Eqn. 1.23a) usually occurs to give 
reversible capacity. In some cases, however, re-formation of M3O4 (Eqn. 1.23b) can 
occur. For Co3O4, several studies showed that during charge, Co0 oxidizes to Co2+ to 
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form CoO (Eqn. 1.23 a) [114-116]. A few studies reported reversible capacities which 
corresponds to the formation of Co3O4 (Eqn. 1.23 b) [117-120].  
 Li et al. showed Li-cyclability of nano-particles, nanotubes and nanorods of 
Co3O4 prepared by template synthesis [118]. In all cases, first charge capacities of > 800 
mAhg-1 were observed but capacity-retention was found to be poor. Likewise, nano-wires, 
nano-arrays and nano-needles of Co3O4 were also investigated for Li-cyclability 
[116,119,121]. Mesoposrous Co3O4 [116] nanowire arrays (surface area 73 m2g-1) were 
proposed as high capacity and high-rate material and displayed a capacity of ~ 350 
mAhg-1 at the rate of 50C (1C =111 mAg-1) [116]. Belcher and co-workers [121] reported 
a capacity of > 1000 mAhg-1 for hybrid Au-Co3O4 composite prepared by virus-assisted 
template. The large hysteresis in the charge potential (2.0 V) and discharge potential 
(1.2V), and the expensive and toxic nature of cobalt are the main concerns regarding the 
use of Co-oxides as anodes for LIBs. Attempts were made to reduce the Co-content 
partially by substituting other ions like Ni and Mn at the Co-sites without altering the 
parent spinel structure and their Li-cyclability was studied [122,123]. 
Fe3O4 adopts the inverse spinel structure in which the tetrahedral (8a) sites are 
occupied by Fe3+ ions and the remaining iron ions (Fe2+ and Fe3+) occupy the octahedral 
(16d) sites. Initially, it was studied as a cathode material [4,124]. Recently, significant 
attention has been paid to use Fe3O4 as a prospective LIB anode [125-128]. Efforts have 
been made to use nano-size Fe3O4 employing electro-deposition method and investigated 
its Li-cyclability [125]. Carbon/Fe3O4 composite nano-fibers [126] and carbon coated-
Fe3O4 nano-spindles [127] were also investigated which showed quite high capacity and 
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good C-rate capability. Taberna et al. [128] obtained a capacity of >800 mAhg-1 and good 
rate capability in Fe3O4 nano-rods using nano-architectured Cu as the current collector.  
Usages of inactive/active matrix element along with electrochemical host-iron 
oxides with different composition are also studied to stabilize their capacity. Ternary iron 
oxides, AFe2O4 (where A = Ca, Ni and Co) bulk powders [101, 129] and thin film of 
CoFe2O4 [130] have been prepared and investigated. The oxides, consisting alloy-
forming counter cations such as nano-crystalline thin film-ZnFe2O4, Ag-doped ZnFe2O4 
[131] and Li0.5Ca0.5(Fe1.5Sn0.5)O4 [101] are also studied. 
1.8.3.1.3 Molybdenum and Vanadium Oxides 
Binary and ternary molybdenum oxides with different crystal structures have been 
studied for Li-cyclability. These include monoclinic-MoO2 [132] and orthorhombic-
MoO3 [133], and ternary MnMoO4 [134], CaMoO4 [135] with scheelite-structure and 
MMoO4; M=Cu, Zn, Ni and Fe with the triclinic structure [136], and cluster compounds- 
LiYMo3O8 and Mn2Mo3O8 [137]. The first discharge involves the crystal structure 
destruction followed by Li-Mo-O (oxide-bronze) and M-metal or MO formation. 
Subsequent charge-reaction releases Li along with the oxidation of Mo to a higher 
valency (~4+). The M metal or MO (Na2O, CaO, and Y2O3) is the spectator matrix. 
However, Zn and Sn can contribute towards reversible capacity by undergoing reversible 
alloy (LiZn and Li4.4Sn) formation.  
Metal vanadates, MnV2O6 [138], spinel–LiCoVO4 [139], Fe2VO4 [140] have been 
investigated for their Li-cyclability. During discharge, these compounds undergo the 
crystal structure destruction and thereby the amorphisation of lattice in which the 
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oxidation state of V changes from (+5 or +4) to V (+2), and during charge, it changes 
from +2 to +4.  
1.8.3.2 Metal Nitrides 
 The search for alternative anode materials for LIBs has led the scientific 
community to investigate metal nitrides [4,141-148]. These compounds show a lower 
intercalation potential compared to the respective metal oxides. In the last few years, 
binary and ternary metal nitrides were studied extensively [141-148]. The underlying 
reaction mechanism involves the conversion reactions in which crystal structure 
destruction of metal nitrides takes place leading to the formation of metal (M) nano-
particles embedded into the Li3N matrix during discharge (forward reaction of Eqn. 1.24)  
and re-formation of metal nitrides occurs during charge (reverse reaction of Eqn. 1.24)   
      MxNy + 3yLi+ + 3y e- ↔ xM + yLi3N   (M = Co, V, Cr and Fe)                --- (1.24) 
          The conversion reactions of metal nitrides were found to be highly reversible and 
they exhibited high capacity. This is attributed to the in-situ formed Li3N which is an 
excellent ionic conductor (one of the essential requirements of a LIB anode). Most of the 
metal nitrides were studied as thin films and they showed capacities, 600-1000 mAhg-1 
stable for long-term cycling (80 cycles).  
Ternary metal nitrides were also investigated which can be categorized into two 
groups: the low and high Li-content compounds. The latter class is represented by 
Li2(Li1-xMx)N, M = Co, Cu, Ni, (Co,Cu) or (Cu,Co,Fe) [4,146,147] and Li7MnN4 [4]. The 




1.8.3.3   Metal Phosphides 
 Metal phosphides display more covalent bonding than the corresponding nitrides 
[4,7]. In this respect, phosphides have advantages of low average charge/discharge 
potential vs. Li over the metal nitrides and oxides. In 2002, Nazar’s group [149] showed 
the suitability of MnP4 as anode for LIBs. They showed a topotactic first order transition 
between different but related crystal structures at room temperature which takes place by 
an electrochemical redox process: MnP4 ↔ Li7MnP4 [149]. Studies on other phosphides 
are also reported. These include InP, GaP, CoP, Cu3P, CoP3, Sn4P3 and Zn3P2 [4,150-154]. 
The underlying Li- reaction involves reduction of metal phosphides to M0, formation of 
Li3P, and amorphisation of the material during the first-discharge as per Eqn. 1.25. The 
subsequent Li-cycling follows the reversible formation / decomposition of Li3P (Eqn. 
1.26).  
 1st discharge: MxPy + 3y Li+ + 3y e- ↔ x M + y Li3P                      --- (1.25)                         
  Reversible:   Li3P ↔  LiP + 2Li+ + 2e-                                            --- (1.26) 
                       xLi+ + x e- + M ↔ LiXM  (M = In, Zn, Sn)                --- (1.27) 
Formation of Li–In/Li–Ga/Li-Sn/Li-Zn alloys (Eqn. 1.27) occurs along with Li3P upon 
deep discharge. Upon charging, Li is extracted from both LixM (M= In, Ga, Sn and Zn) 
alloy and Li3P. 
1.8.3.4   Metal Fluorides and Oxy-fluorides 
 Metal-fluorine bond is highly ionic and thus gives rise to a high reaction potential 
vs. Li. They are wide band gap materials (electronically insulating behavior). A variety of 
metal fluorides, MxFy (M = Fe, Co, Ni, Cu, and Bi) have been studied and significant 
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electrochemical activity was found when prepared as a nano-composites consisting of 
small particles (∼3-20 nm) embedded in a conductive matrix, e.g., carbon [4, 155].  
 Maier and co-workers have examined the Li-recyclability of a good number of 
metal fluorides (TiF3, VF3, MnF2, FeF2, CoF2, NiF2, CuF2) [156]. Initial discharge 
reaction involves LiF formation and structure destruction. Carbon/metal fluoride nano-
composites (85/15 wt % FeF3/C) were found to exhibit a reversible capacity of 600 mAh 
g-1 when cycled in the range, 4.5-1.5 V vs. Li/Li+ [155]. Reddy et al. [157] showed the Li-
insertion and extraction in to/from the oxyfluorides, TiOF2 and NbO2F. Crystal structure 
destruction occurs during the first-discharge reaction with Li at voltages below 0.8–0.9V 
for LixTiOF2 and at ≤1.4V for LixNbO2F to form amorphous composites, ‘LixTi/NbOy–
LiF’. LixTiOy displays a reversible capacity of 400 (±5) mAhg−1 during 5–100 cycles in 
the range 0.005–3.0V at current density of 65 mAg−1. The ‘LixNbOy’ showed good 
reversibility but a lower capacity, 180 (±5) mAhg−1 up to 40 cycles.  
1.8.3.5 Metal Hydrides, Oxalates and Carbonates    
Recently, metal hydrides were found to exhibit the conversion reaction at low 
potential with less polarization [158]. During the first discharge, crystal structure 
destruction of metal hydride (MgH2) occurs followed by the metal formation embedded 
in LiH matrix. On subsequent cycling, re-formation of metal hydrides occurs (reversible 
reactions of Eqn. 1.28). However, the capacity-retention was found to be poor.  
Recently, Tirado’s group [159] has examined the Li-cycling of mesoporous iron 
oxalate nanoribbons. They reported a capacity of ~700 mAhg-1 when cycled between 0 
and 2 V vs. Li, as a consequence of ‘conversion’ reaction, in which first iron oxalate 
reduces to nano-particle of metal, Fe embedded into the Li2C2O4 matrix during the 
 42
discharge. Upon charging, the re-formation of iron oxalate occurs (reversible reaction 
Eqn. 1.29). Preliminary work on Li-cyclability of manganese carbonate, MnCO3 has also 
been carried out by this group [160]. The reaction mechanism suggested was the 
conversion reaction involving carbonate ion (Eqn. 1.30). Theoretical and experimentally 
observed reversible capacities of the above compounds are listed in Table 1.6.    
MH + Li+ + e-  ↔ M + LiH                      --- (1.28) 
FeC2O4 + 2Li+ + 2e- ↔ Fe + Li2C2O4      --- (1.29) 
MnCO3 + 2Li+ + 2e-  ↔ M + Li2CO3           --- (1.30) 
1.9  Cathodes for LIBs 
1.9.1 Transition Metal Oxides-4V-Cathodes 
 Transition metal oxides, LiMO2 (M = Co, Ni, (Co, Ni)) are considered as most 
promising positive electrode (cathode) materials in terms of their volumetric capacity, 
operating voltage and easy synthesis. The operating voltage of these materials depends 
upon the d-electron configuration of the transition metal (M = Co, Ni, (Co, Ni)) 
[4,11,19,161-164]. They adopt the layered rhombohedral-hexagonal crystal structure 
similar to α-NaFeO2 having a space group )3( mR  in which the O2- ions form a close-
packed face-centered cubic (fcc) lattice, and the M3+ and Li+ ions occupy the octahedral 
voids on alternating (111) planes (Fig. 1.10a). The electrochemical charging process is 
described by the reaction, Eqn. 1.31 [4,11,19,161-164]. 
               Li(M)O2  →  Li1-x(M)O2 + x Li+ + x e-      (M = Ni, Co, (Co, Ni))     --- (1.31) 
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 Fig.1.10 (a) Layered rhombohedral-hexagonal structure of LiMO2. (b) Spinel-LiMn2O4. 
1.9.1.1  LiCoO2   
LiCoO2 is the most extensively studied compound and is being used as the 
cathode in the commercially available LIBs due to its high working voltage ~4 V, 
structural stability and long term cycling [161-163,165-167]. It has a theoretical specific 
capacity of 274 mAhg-1 which corresponds to the removal of one mole of Li from 
LiCoO2. Nevertheless, practically, only half of the Li can be removed when cycled in the 
range of 2.7 V- 4.2 V vs. Li with the capacity of 120-140 mAhg-1. The extraction of Li+ 
from Li1-xCoO2 involves the oxidation of Co3+ to Co4+ and thus vacancies are created in 
the Li-layer of the lattice. For x = 1 (when charged to 4.8V vs. Li), the high concentration 
of Co4+ causes the oxidative decomposition of the non-aqueous electrolyte and formation 
of Co-oxides which leads to the failure of cathode material [4,165]. During extraction of 
Li, lattice expansion in the c-direction of the unit cell occurs, followed by a monoclinic 
distortion of the lattice (at x > 0.5). Thus, cycling to x >0.5 causes an anisotropic volume 
changes in the unit cell of host lattice and induces the structural degradation and thereby, 
capacity-fading upon repeated cycling.  
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 If the monoclinic distortion can be suppressed, it is possible to extract x > 0.5 in 
LiCoO2 by charging to a voltage, V>4.2V.  To this end, several elements like Li, Ni, Rh, 
Cr, Al, and Mg have been doped at the Co-site and extensively studied in recent years 
[4,161,166,167]. Surface coating by metal oxides [168,169] on the surface of LiCoO2 is 
also found to be a promising way to overcome the capacity deterioration due to 
crystallographic phase transition, hexagonal to monoclinic, occurring at x = 0.5 in 
LiCoO2. Cho et al. [168] studied the effect of coating of oxides such as ZrO2, Al2O3, 
SnO2, MgO, AlPO4 and CeO2.  ZrO2 coating showed the best result in which a stable 
capacity of ~170 mAh g-1 was obtained at least up to 70 cycles when cycled in the range, 
2.75-4.4 V [168].  
Apart from solid state method, LiCoO2 was also prepared by other methods like, 
molten salt [162] and sol-gel [163] methods. In all the cases, heat treatment > 600oC for 
extended periods is required to obtain the desired rhombohedral-hexagonal structure of 
LiCoO2
1.9.1.2 LiNiO2
LiNiO2 is a layered compound isostructural to LiCoO2. It is cheaper and can 
deliver a higher reversible capacity as compared to LiCoO2 [4,161]. However, its 
synthesis needs special attention to obtain good and reproducible performance because of 
formation of a nickel over-stoichiometric phase with general composition Li1-zNi1+zO2 (z 
= 0.05-0.20) [4,161,170]. This deviation from the real composition arises from the slight 
Li-deficiency and stability of divalent Ni2+ ions in the structure. The amount, z, of 
interlayer Ni2+ cations depends on the synthesis conditions and it is lowered if the 
oxidizing atmosphere is used during synthesis to stabilize the Ni3+. Similar to LiCoO2, 
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LiNiO2 shows a theoretical specific capacity of 274 mAhg-1 but practically it delivers 
only 150-160 mAhg-1 when cycled in the range of 2.5-4.2V [4,11,19,161]. A fast 
deterioration in the capacity of LiNiO2 is observed and this is attributed to the different 
phase transitions, from Hexagonal (H1) ↔ Monoclinic (M) ↔ Hexagonal (H2) ↔ 
Hexagonal (H3) during charging to 4.4 V vs. Li [4]. LiNiO2 also exhibits poor thermal 
stability in the de-lithiated state as a result of the unstable Ni4+ ion. One way to 
circumvent this problem is to partially substitute nickel by other cations such as Al, Mg, 
Fe, Mn and Co [4,161,171-173]. Out of them, Li(Ni1-xCox)O2, x = 0-1.0 received special 
attention because it has the advantages of combining the favorable properties of LiNiO2 
and LiCoO2. Particularly, LiNi0.8Co0.2O2 [161,164,170] is known to show much higher 
structural stability and stable capacity than pure LiNiO2. The composition, 
Li(Ni0.85Co0.10Al0.05)O2 [173] has been commercialized as a cathode material by some 
manufacturers of LIBs.   
 Manganese based layered oxides, LiMnO2 [4,161,174], shows a higher theoretical 
capacity of 285 mAhg-1 than the LiCoO2 and LiNiO2 (274 mAh g-1) and it is cheap and 
environment friendly. However, it is a ~3.5V cathode and not thermodynamically stable 
at elevated temperature and thus, it can not be synthesized easily. Using some soft 
chemistry technique, ion exchange of Na by Li in α-NaMnO2, hexagonal-LiMnO2 has 
been prepared and studied [4,161,174]. Detailed investigations showed that when x = 0.5 
in LixMnO2, the migration of Mn-ion from the intra-slab to the inter-slab spaces occurs 
and upon cycling, the structure stabilizes as the spinel structure (Li0.5MnO2 ≡ LiMn2O4) 
and capacity-fading occurs.  
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 In the last decade, Li(Ni1/3Mn1/3Co1/3)O2 [4,11,19,161,175-177] and 
Li(Ni1/2Mn1/2)O2 [4,7,19,161] have received considerable attention. These are 
isostructural to LiCoO2 and are prepared by high temperature solid state reaction from the 
mixed hydroxides/carbonates.  High capacity (~160 mAhg-1) in the range of 2.0 - 4.6V 
and good rate capability of the former justify its viability as prospective second 
generation cathode material for LIBs since it contains only small amount of cobalt. Table 
1.8 lists the cathodic characteristics of various cathode materials of LIBs. 
Table 1.8 Different properties of various LIB cathode materials [4,7,19,161]. 
* cycling in the range, 3.0-4.2V vs. Li 
Property LiCoO2 LiNiO2 Li(Ni0.8Co0.2)O2 LiMn2O4 LiFePO4 Li(Ni1/3Mn1/3Co1/3)O2
Exp. cap. 




stability Good poor Good Poor Good Good 
Temp. 
stab. in the 
charged-
state 
Good Poor Good Poor Good Good 
Safety Good Poor Poor Best Best Average 
Material 
cost High Med. Med. Less Less Med. 
Discharge 
potential 4 V 4V 4V 4V 3.5V 4 V 
1.9.2 Spinel-LiMn2O4 -4V-Cathode 
The LiMn2O4 (Li[Mn3+Mn4+]O4) possesses the spinel structure (space-group: 
Fd3m) in which a cubic close-packed (ccp) array of oxygen ions occupy the 32e positions, 
Mn ions are located at the 16d site, and Li ions at the 8a site. The Mn ions adopt 
octahedral oxygen coordination and the MnO6 octahedra share edges in a three-
dimensional network. The Li ions are in tetrahedral O-coordination (Fig. 1.10b).  
 During the removal of Li from LiMn2O4 structure by electrochemical charging 
process, the unit cell volume decreases gradually and isotropically as the Li-ion 
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concentration decreases. This is due to the conversion of Mn3+ to Mn4+ in the structure. 
The extraction of Li occurs through a two-step reaction around 4V (4.1 and 4.2V). When 
Li ions are inserted again into the host structure, they occupy the octahedral 16c sites. 
Since this site is face-sharing with the 8a LiO4-tetrahedra, the Li ions in the tetrahedral 
site are instantly displaced into the vacant 16c site which causes a first-order phase 
transition [4,11,19]. When the Mn3+ (d4) concentration increases, a Jahn-Teller (JT) 
distortion occurs and the crystal symmetry decreases from cubic (c/a = 1.0) to tetragonal 
(c/a ~ 1.16) [4]. This imposes a large strain on the individual spinel particles that 
ultimately results in fracture of the crystallites. The reversibility of this phase transition is 
poor and therefore the capacity fades on long-term cycling. In addition, Mn3+ ions can 
disproportionate to Mn2+ and Mn4+, and the dissolution of Mn2+ ions in the electrolyte 
solution occurs, thereby decreasing the effective LiMn2O4 content [4,178]. Several 
strategies have been tried to improve the Li-cycling performance of LiMn2O4 over the 
years.  These include:  partial substitution of Mn by other metal ions such as Li, Mg, Co, 
Al, Ni, coating of other metal oxides on to the surface of LiMn2O4, and preparation of 
oxygen deficient spinel structure [4, 161, 169, 178, 179].  
1.9.2.1 Ni/Co- Substituted LiMn2O4- 5V-Cathodes 
    As explained earlier, the energy and power output of LIBs can be improved 
significantly by increasing the output voltage of a cell. To do so, high voltage cathodes (> 
4.0V) are of great interest. Heavily-doped Mn spinels, Li(MxMn2-x)O4 (M = Fe, Cr, Ni, 
Co, Cu and their mixtures) have been identified which may offer this possibility 
[4,7,161,178-184]. These cathodes exhibit two plateaus in charge profile, one at ~4.0V 
and another at ~5.0V. The former plateau is attributed to Mn3+/4+ redox couple, whereas 
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the latter is assigned to M3+/4+ or M2+/3+ redox couples.  The group of West [179,180] 
examined several substituted spinels and found that some of the Co-substituted ones e.g., 
Li2(Co0.8Mn3.2)O8 and LiCoMnO4, give the best results. In them, the Co3+/Co4+ redox 
couple creates a charge plateau at 5V, in addition to the 4V-plateau due to Mn3+/Mn4+ in 
the case of first compound. Initial capacities of these compounds were found to be 135 
and 105 mAhg-1, respectively. Ohzuku’s group [178] has also examined the low-rate 
first-cycle of the spinels Li(M1/2Mn3/2)O4 (M = Ni, Co, Cr, Fe, Cu) and found the 
capacities of 120-125 mAhg-1 for the Fe and Ni spinel, with the latter providing most of 
its capacity in a single 4.5V-plateau. Among the cation-substituted system, 
Li(Ni0.5Mn1.5)O4 (LNMO) has received a considerable attention due to its reasonably high 
capacity, 130 mAhg-1 (theor. capacity, 147 mAhg-1) and high operating voltage, ~4.7V vs. 
Li. Several groups made efforts to improve the cathodic properties of Cr and Cu doped-
LNMO [183,184]. Ein-Eli et al. [183] studied the spinels, LiNixCu0.5-xMn1.5O4 (0≤x≤0.5). 
With increasing Ni concentration, the capacity increases (to maximum~117 mAhg-1) 
while the upper voltage plateau potential decreases (from 4.9V-4.6V vs. Li). The Cr-
doped spinel, Li(Mn1.4Ni0.4Cr0.2)O4 showed a capacity of ~128 mAhg-1 with good 
retention (90%) up to 230 cycles when cycled in the range, 3.5-4.98 V [184]. Fluorine 
doped spinel, LiNi0.5Mn1.5O4-xFx (0.05≤x≤0.2) has also been prepared by sol-gel method 
and their cathodic properties were investigated [185]. The compounds with x ≥ 0.1 
showed stable cycling performance, but exhibited lower capacity than that of x<0.1.   
1.9.3 Olivine-LiMPO4 (M = Fe, Co and Mn)-3.5 to 5V-Cathodes 
Lithium iron phosphate, LiFePO4 with the phospho-olivine structure shows a 
capacity of  ~170 mAh g-1, and a flat voltage ~3.4 V vs. Li. Since Fe is cheap and 
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environmentally friendly, it is appealing for use in LIBs as cathode material. Since the 
original study by the Padhi et al. [186] in 1997, significant efforts have been made to 
improve the Li-cyclability of LiFePO4 [4,19,161,187-189]. It undergoes a two-phase 
reaction during cycling, which differs from the general intercalation-de-intercalation 
process, as per Eqn. 1.32.  
                               LiFePO4 ↔ □ FePO4 + Li+ + e-   (□ = vacancy)            --- (1.32) 
 Because of slow Li-ion kinetics due to the two-phase reaction, in addition to the 
low electronic conductivity, the C-rate capability was found to be poor. Improved C-rate 
performance was achieved by introducing some foreign atoms such as Mg, Al, Ti, Nb 
[187] and by coating of conducting carbon [19,188]. In this context, different 
morphologies of LiFePO4 with or without C- coating employing different synthetic 
procedures have also been studied for an improved cathodic performance 
[4,7,19,161,188,189]. Apart from above mentioned virtues, LiFePO4 has certain 
disadvantages: Its theoretical capacity is less than that of LiCoO2 (170 mAhg-1 vs. 274 
mAhg-1), lower voltage, 3.4 V versus Li/Li+ than the LiCoO2, and the olivine structure is 
less dense than the layered structure. These factors affect the energy and power density of 
the cell employing LiFePO4 cathode. 
 Isostructural LiCoPO4, LiNiPO4 and LiMnPO4 [4,19,161] have been prepared and 
investigated as cathode material. Unlike LiFePO4 which shows the lower charge-
discharge potential (3.4V), these possess high charge-discharge voltage of 4.8, 5.2 and 
4.1 V, respectively and thus, can be a viable option for the 5V-cathode of second 
generation of LIBs. Nevertheless, extremely low electronic conductivity and Jahn-Teller 
distortion associated with LiMnPO4 leads to poor electrochemical performance. Lack of 
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good stable electrolyte at higher potential (>4.6V) is one of the reasons hindering the 
study of these 5V-cathodes, LiCoPO4 and LiNiPO4.  
1.10 Electrolytes for LIBs 
Electrolyte is an important component of LIB, in addition to the electrodes, for the 
transport of Li-ions between positive and negative electrodes. It consists of a highly 
ionizable Li salt dissolved in appropriate non-aqueous (organic) solvent/solvents. A good 
electrolyte for LIB should satisfy following conditions [4,7,190,191]. 
1. Electrolyte should possess high ionic conductivity so that the internal cell 
resistance and resistive heating of the battery are minimized. 
2. Chemical stability should be high to prevent the decomposition of the solvents in 
the electrolyte on the surface of highly reducing anode materials such as Li, LiC6 
and highly oxidizing cathode materials such as de-lithiated Li1-xCoO2.  
3. Electrochemical stability should also be high so that a given electrolyte can 
tolerate the high voltage difference of anode and cathode and can work 
comfortably without any side reactions. 
4. It should have low melting point to exhibit sufficient conductivity at sub-ambient 
temperatures and prevent solidification and phase separation. 
5. It should have high boiling point which prevents evaporation and pressure build-
up in the cell.  
6. Preferably non toxicity and reasonably low cost. 
 Electrolyte conductivity and electrochemical stability are the key parameters in 
selecting the electrolyte for LIBs. Usually LIBs work between 2.5-4.3 V and hence 
electrolyte consisting of water as solvent can not be used due to the decomposition which 
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occurs at 1.23 V vs. H+/H2. Based on their nature, electrolytes are categorized into three 
classes: liquid, polymer and glass/ceramic electrolyte.  
1.10.1 Li-Liquid Electrolytes  
These are solutions consisting of inorganic Li-salts (LiClO4, LiPF6, LiCF3SO3 etc.) 
dissolved in high purity cyclic and linear organic solvents. All the above mentioned 
properties of ideal electrolyte for LIBs can not be achieved by a single electrolyte 
solution. Hence, a number of different combinations of salt and solvents were 
investigated and tested as LIB electrolytes. Organic carbonates were found to be good 
due to their aprotic nature, polar and owing to high dielectric constant. These are ethylene 
carbonate (EC) and propylene carbonate (PC), and co-solvents DEC, DMC and EMC 
were studied thoroughly in the literature. Their physical properties are summarized in 
Table 1.9.  
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5.2 36.5 238 1.9 1.321 90.4 at 40 Co  
Diethyl carbonate 
(DEC) C5H10O3
5.2 -43 127 0.748 0.96 2.8 at 20 Co  
Dimethyl carbonate 
(DMC) C3H6O3
5.1 3 90 0.585 1.199 3.1 at 25oC 
Propylene carbonate 
(PC) C4H6O3
4.3 -54.5 242 2.51 0.86 65 at 25oC 
  
Propylene carbonate (PC) is not suitable for LIBs with graphite anode, since Li-
ion intercalation occurs along with the PC into graphite. Ethylene carbonate (EC) mixed 
with DEC (1:1 vol.) co-solvent was found to be a good combination of cyclic and non-
cyclic carbonates due to its good anionic stability [4,7,190,191].   
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 A large number of Li salts such as LiClO4, LiPF6, LiAsF6, LiBF4, LiCF3SO3, 
LiN(SO2CF3)2 and LiC(SO2CF3)3 [4,7,192] have been examined for their suitability in 
LIBs with graphite anode. LiPF6 is now the favored salt for use in LIBs due to the 
following advantages: less poisonous than LiAsF6, very good passivation of aluminum 
current collector for the cathode, thermal stability comparable to other salts like LiClO4. 
It is now manufactured on a large scale and cost-reduction is expected in the coming 
years.  
In spite of the advantages, LiPF6 contains small amount of HF as an impurity and 
this can react with cathode material. The LiPF6 may decompose to LIF and PF5 and may 
increase the internal resistance of the electrolyte [193]. The electrolyte solution, (1M -
LiPF6 dissolved into EC and DEC (by volume 1:1)) has low resistivity (Li-conductivity is 
~ 10-2 Scm-1) and stable over sufficiently broad range of temperature and potential.  
 Use of electrolyte additives, such as SO2, CS2, N2O, CO2, Li2CO3, [16], has been 
tried to improve the LIB performance. According to Zhang [16], a small content of about 
5 wt. or vol. % additive in the electrolyte has shown a significant improvement in the Li-
cyclability and cycle life of LIBs. 
 LIBs incorporating liquid electrolyte has certain disadvantages such as leakage 
due to improper sealing, non-flexibility of design, pressure build-up in the LIB when 
operated at >50oC etc. These drawbacks can be significantly overcome by employing 
other classes of electrolytes. 
1.10.2 Li-Solid Electrolytes 
 Li-solid electrolyte (Li-fast ion conductor) contains a crystalline ceramic or glassy 
network in which the Li- ions move through the vacant/interstitial sites. Solid electrolytes 
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offer conductivity (σ) ~1×10-3–10-8 S cm-1 at ambient temperature. They received 
considerable attention in recent years due to their advantages over liquid such as 
undesirable side reactions and the property of good mechanical strength, in addition to 
exhibiting only single ion for conduction [4,7,190].  
1.10.2.1 Ceramic Electrolytes 
 A number of ceramic electrolytes have been investigated for high temperature Li-
batteries [194]. Examples are: Li-oxides, iodides, sulphides and nitrides with different 
crystal structure [4,14,194]. The Li-ion conductivity (σ) of Li-perovskites with ABO3 
structure (A, B are metals) can be varied by altering the lithium content and creating 
vacancies at the A-site [195,196]. Studies have shown that the degree of cation ordering 
and symmetry of the unit cell have an impact on the σ. One well-studied example is La2/3-
xLi3xTiO3 [196] which shows a σ ~1.5×10-3 S cm-1 for x ~ 0.13 at 25oC. However, this 
oxide is unstable on contact with Li-metal (Ti4+ ion will get reduced to Ti3+, thereby 
inducing electronic conductivity) and hence can not be used for rechargeable Li-batteries.   
 Lithium super ionic conductor (LISICON) - type material with the general 
formula ABO4 have been studied as crystalline solid electrolytes. Li3.4(V0.6Si0.4)O4 [4,190] 
showed a high σionic (300K) = 1×10-3 S cm-1 and low electronic conductivity (< 10-7 S cm-1). 
Lithium metal halides such as, Li(LiM)Cl4 [4] where M = divalent transition metal and 
Li3N, Li8Sn4 and composites like Li3P-Li3N compositions were also studied as ceramic 
electrolytes [4]. Many of them show good σionic at higher temperature (>100oC) but are 
prone to decompose at low voltage vs. Li making them unsuitable for use LIBs as solid 
electrolytes.  
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Another widely studied class is the Li analogous of Nasicon (Sodium super ionic 
conductor) phase [4,14,190]. Phosphates with general compositions Li1+xM2(PO4)3 
(0<x<3) have been suggested for Li-ion battery application. The compound with M = Ti , 
Li1+xTi2(PO4)3 (LTP) [4] and Al-substituted LTP (Li1+xTi2-xMx (PO4)3, M = Al) [197] 
showed a σionic ~ 3×10-3 Scm-1 at 25oC  
 Recently, the Li-containing garnet-related compounds, Li6{La3}[A2]O12 (A = Nb, 
Ta) [198, 199] have been found to be a new class of fast Li-ion conductors with high 
bulk-conductivity σb ~ 6×10− 6 S cm− 1 at 22 °C [198]. In particular, Li6BaLa2Ta2O12 [199] 
exhibits the highest total (bulk plus grain boundary) conductivity, σtotal = 1.3 × 10− 5 S 
cm− 1 at 25 °C with an energy of activation, Ea = 0.44 eV. The Li content could be 
increased by substitution of La-ions by divalent alkaline-earth metal ions, which would 
improve the Li ionic conductivity.  
Basically, grain boundaries in polycrystalline or granular electrolyte have an 
inherent lower density, higher defect concentrations, space polarization, and segregated 
impurities. All these may form barrier for Li-ion conduction, and thus glassy-solids are 
found to be beneficial in this respect. 
1.10.2.2   Glassy Li-Solid Electrolytes    
 Glassy electrolytes, which do not have a well-defined crystal structure, have been 
found to be superior to the ceramic electrolytes since they are isotropically conductive, 
easy to fabricate and free from grain boundaries. Li-ion conducting glasses can be oxides 
or sulphides. These are prepared by using glass-forming network compounds, like SiO2, 
SiS2, B2O3 and P2O5 [4] and the network modifier Li2O or Li2S to induce the Li-ion 
conduction. Sulphides glass in the systems Li2S-P2S5 and Li2S-SiS2 are known to be Li-
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ion conductors with σionic ~1×10-4 Scm-1 at 25oC [4,190,200]. LIPON, the phosphorous 
oxy-nitride glass has received considerable attention [4,14,190]. The amorphous Li3PO4 
material shows high Li-ion mobility with small addition of N for O (Li2.9PO3.3N0.46) [4] 
and shows a σionic ~2.3 ×10-6 S cm-1 at 25oC.  
Individual glassy and ceramic electrolytes have their own shortcomings and 
limitations. A mixture of ceramic and glassy electrolyte has been used to improve the 
performance. An example is NASICON-type glassy-ceramic. The crystalline, LiTi2(PO4)3 
is mixed with glasses like, Li2S.SiS2.Li3PO4 [4,201]. Another system is Li2S-P2S5-P2S3 
glass and glass-ceramic prepared by mechanical milling [202]. The σionic ~ 1x10-4 S cm-1 
and 4×10-3 S cm-1 at 25oC were noted in the glass and glass ceramic electrolyte, 
respectively. Inda et al. [203] prepared NASICON structured-crystalline glass-ceramic, 
Li1+x+yAlxTi2-xSiyP3-yO12 and showed σionic ~1.4 x10-3 S cm-1 at room temperature. LIB 
with this solid-electrolyte and LiCoO2 as cathode, and Li4Ti5O12 as anode have been 
fabricated and tested [203]. 
1.10.3 Li-Polymer Electrolytes 
Ionically conducting polymers have been the focus of much fundamental and 
applied research for many years. Glass transition temperature (Tg) and crystallization 
temperature (Tcr) are the two key points in designing a polymer Li-electrolyte 
[4,14,20,190,204]. Problems associated with liquid and solid electrolytes can be 
significantly overcome with the polymer electrolyte. Their σionic is comparable to that of 
the liquid electrolytes and dimensional stability matches with that of a solid. The polymer 
electrolytes offer the design flexibility and superior mechanical-electrochemical 
properties. They have certain advantages over others such as ease of fabrication, 
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flexibility, light weight, leak proof and better safety during operation. They are classified 
into two broad categories: (i) solid polymer electrolytes and (ii) gel polymer electrolytes.  
1.10.3.1   Solid Polymer Electrolytes (SPE)  
The SPEs formed by the combination of polyethylene oxide (PEO) and lithium 
salt like LiPF6, LiAsF6 and LiClO4 have been extensively investigated [20]. PEO-based 
electrolytes are cheap, chemically stable and safe to use but, possess low conductivity at 
25oC [4,20,205]. In addition, Li-ion transference number (tLi) is low due to the 
contribution of anion. Significant enhancement of σionic is obtained by dispersing the 
nano-particles of oxides such as TiO2, Al2O3 and SiO2 in the polymer matrix [205]. These 
are called nano-composite polymer electrolyte (NCPEs). Recent studies [20,205,206] 
have shown that LiXF6 can be dissolved into polymers like ((CH2CH2O)n) to form 
crystalline complexes (PEO: LiXF6 (X = P, Sb and As)) that can support good ionic 
conductivity in contrast to the well-known fact that crystalline polymers do not show high 
Li-ion conductivity. It was found that σionic occurs through the amorphous phase present 
in the complex above the Tg [206]. In general, polymer chain length, size variations and 
their distribution in the mixed polymer complex are found to influence the σionic [20].  
1.10.3.2 Gel Polymer Electrolytes (GPE) 
Solid polymer electrolytes suffer from the problem of interfacial impedance at the 
interface of electrode- electrolyte and the associated ohmic resistance. This problem can 
be overcome using a small amount of suitable organic liquid known as the plasticizer. 
The latter can enhance the σionic of the electrolyte. The addition of plasticizer enables the 
easier segmental motion of polymer and provides the liquid-like characteristics 
[4,20,190,205]. These kinds of polymers are known as gel polymer electrolytes (GPEs) 
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and are attractive for developing ‘plastic’ LIBs. They can possess unique hybrid network 
structure which accounts simultaneously both the diffusive transport properties of liquid 
electrolyte and cohesive properties of solid electrolyte [4,20,206]. The energy density, 
reliability, and safety of the batteries can be improved in comparison to the conventional 
LIBs with liquid electrolytes [4,20,206]. Different systems such as, polyacrylonitrile 
(PAN)-, poly (vinylidene fluoride) (PVdF)-, poly(methyl methacrylate)[P(MMA)]-, 
polyvinyl chloride (PVC)-, and poly(acrylonitrile- methyl methacrylate) [P(AN-MMA)]-
based gel electrolytes with a variety of Li-salts and plasticizers have been studied in the 
literature [4,20,207,208]. Among them, P(AN-MMA) showed excellent miscibility with 
organic liquid electrolyte to form GPE and was found to be a stable binder for both anode 
and cathode of LIBs [208]. 
It may be mentioned that the LIBs used in cell phones (so called ‘pouch cells’) 
contain the electrolyte, LiPF6 along with EC+DEC solvents immobilized in a gel. This 
gel possesses high σionic and satisfies the requirements of charge-discharge behavior of 
LIBs at low C-rates, 0.2-1.0 C [209]. 
1.11 LIBs with Various Cathodes / Anodes 
As discussed earlier, LiCoO2 and speciality graphite are being used as positive 
electrode (cathode) and negative electrode (anode), respectively in the commercial LIBs. 
Application of LIBs in EVs/HEVs is looking forward to use cheap and eco-friendly, 
modified/doped-LiMn2O4, LiFePO4 or LiVPO4F as cathode materials and new anode 
materials such as Li4Ti5O12, Si, CoO and Co3O4 [4,106,210-212]. Thus, LIBs employing 
various cathodes and anodes have been fabricated and tested. Typical discharge/charge 
profiles of LiCoO2/Co3O4 cell are shown in Fig. 1.11a. It is evident in the figure that LIB, 
 58
with LiCoO2 (cathode) and Co3O4 (anode) with mass ratio of 8.5 (calculated by assuming 
first discharge capacity of individual electrode) and electrolyte, LiPF6 dissolved in EC: 
 
Fig. 1.11Charge-discharge curves of full LIB. (a) LiCoO2/Co3O4 employing electrolyte, 
LiPF6 dissolved in EC-DEC (1:1 by vol). Cell is balanced at mass ratio of 8.5.  
Out put cell voltage ~2.0V is obtained. Cycling was carried out between 0.9-4.1 
V. Taken from Badway et al. [106]. (b) Li4Ti5O12/LiFePO4 employing gel 
polymer electrolyte, polymer LIB. Cycling range, 1.0-2.5V with Current rate, 
C/20, at room temperature. Taken from Reale et al. [210]. (c) 
Li(Ni0.5Mn1.5)O4/Li4Ti5O12 with electrolyte LiPF6 dissolved in EC,PC,DEC and 
DMC. Cycling range, 1.0-3.5V, current rate, 0.2 mA cm-2. Taken from Xiang et 
al. [211]. 
 
DEC (1:1 v) operates at voltage ~2.0V and shows a stable capacity of ~120 mAhg-1 at 
least up to 50 cycles when cycled between 0.9V and 4.1V at room temperature [106]. 
Reale et al. [210] proposed a safe, low-cost and sustainable polymer LIB employing 
LiFePO4 (cathode), Li4Ti5O12 (anode) and poly(vinylidene fluoride) (PVDF)-based gel 
electrolyte. Fig. 1.11b shows the voltage profile collected at C/5 in the voltage range, 1.0 
-2.5V at room temperature. As expected by the intrinsic feature of both the electrodes, the 
battery operates with a very flat voltage profile, centered at ~2.0V at room temperature 
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with a capacity, 130 mAhg-1 at the end of 50th cycle. Xiang et al. [211] studied the 
LiNi0.5Mn1.5O4/Li4Ti5O12 cell and showed the cell voltage ~3.2V with capacity of ~150 
mAhg-1 stable at least up to >2000 cycles when cycled between 1.0 -3.5V. The 
corresponding charge-discharge profiles are shown in Fig. 1.11c. 
1.12 Use of Nano-Technology in LIBs 
High energy and power densities are the two main goals to be achieved to enable 
the use of LIBs in EVs/HEVs, portable power tools and off-peak energy storage systems. 
The commercial LIBs which are made up of electrodes containing the micron-sized 
particles limits the fast charge/discharge C-rate characteristics. This problem is associated 
with the Li-ion kinetic limitations and can be solved, to some extent, using the nano-size 
particles. Accordingly, a large number of studies have been carried out in recent years on 
the nano-size cathodes (LiCoO2, LiMn2O4 etc.) and anodes (graphite, Sn-oxides etc.). 
There are some advantages and disadvantages associated with the usage of nano- size 
particles as electrode materials.  
1.12.1 Advantages  
(i) Unusual reaction mechanism: Nano-particles enable unusual reactions to 
occur that usually do not take place in the bulk (micron-sized particles) 
electrode material. The reversible Li-intercalation-de-intercalation in meso-
porous β-MnO2 without destruction of its rutile structure is one of the 
examples [213]. Another example is the reversible Li-intercalation into nano-
Fe2O3 to form LixFe2O3, whereas crystal structure destruction occurs when 
micron-sized-Fe2O3 is employed [214]. Occurrence of displacive (conversion) 
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reaction involving in-situ formed metal particles embedded in Li2O matrix is 
another well-known example [102].  
(ii) Lithium storage kinetics:  The rate of Li intake/extraction can be increased 
significantly by reducing the dimensions of a particle, i.e., to achieve a shorter 
diffusion length. The characteristic time constant, t for Li-ion diffusion can be 
calculated using the relation, t = L2/2D where L and D are the diffusion length 
and diffusion coefficient, respectively. This will enable high C-rate capability 
of the electrode.  
(iii) High surface area:  A high surface area permits a large contact area with the 
electrolyte and hence a high Li-ion flux across the interface and facilitates the 
higher C-rate capability.  
(iv) Structural stability:  Structural transition to thermodynamically undesirable 
structures can only occur if the particle radius, rp is larger than the critical 
nucleation radius, rc for the specific phase. The undesirable transitions can be 
eliminated using the nano-particles in which rp < rc.  
(v) Chemical potential for Li-ions (and electrons), µ that may be modified which 
results in the change in electrode potential, assuming that the excess surface 
energy is governed by the Eqn. 1.33. 
                                      µ (r) = µ (r = ∞)  + 2 (γ/r)V,                      --- (1.33)  
                  where γ is the effective surface tension, V is the partial molar volume, and r is 




1.12.2 Disadvantages  
(i) Nano-particles of electrode materials are difficult to synthesize on a large 
scale (0.1-1.0 Kg) and their crystallite sizes are difficult to control in many 
cases.  
(ii) Involvement of sophisticated instruments, high cost of preparation and small 
yield are some of the problems to be solved in the commercial application of 
nano-technology in the area of LIBs.    
(iii) High surface reaction:  The high surface area of nano-particles enables the 
side reaction involving the electrolyte decomposition at the electrode 
electrolyte interface. This causes a high irreversibility in the first discharge 
and charge capacities. High surface area of nano-particles may also have some 
surface impurity in the form of adsorbed water, surface oxygen or other 
impurity species such as  some solvents, surfactants etc. High surface area of 
metal particles like, Co may also lead to the catalytic decomposition of the 
electrolyte.  
1.13 Motivation for the Present Study 
As mentioned previously, the commercial LIBs consisting of LiCoO2 (cathode), 
graphite (anode) and LiPF6 dissolved into EC: DEC (1:1 by volume) (electrolyte) are 
being used to power the portable electronic appliances. However, EV/hybrid EV and 
power tools are some of the applications where LIBs possessing high energy, power 
density, longevity, safety-in-operation and more importantly cost-reduction are required. 
Many of the above parameters significantly depend upon the nature of the electrode 
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(cathode and anode) materials. Worldwide research efforts are being directed towards the 
replacement of toxic and costly cobalt in LiCoO2 by cheaper and eco-friendly alternatives.  
In the case of anode, specialty graphite has a capacity (theoretical, 372 mAhg-1 
and experimental ~320 mAhg-1) and the lithiated graphite (LiC6) is a highly reducing 
agent which can reduce the solvents of the electrolyte. For the next generation LIBs, 
transition and non-transition metal oxides with different crystal structures, sizes and 
morphologies have been studied as possible alternatives to the graphite. The key factors 
which influence the Li-cyclability of metal oxides are: crystal structure of the starting 
oxide, oxygen- coordination of the metal ions in the compound, the nature and amount of 
the counter (matrix) ion, particle morphology and the operating voltage range. Based on 
these characteristics, extensive research and development is being carried out world-wide 
to search for high capacity, cheap and environmental-friendly anode material for LIBs. 
A comparative study of the several binary and ternary transition metal oxides 
revealed that the best anodic performance is exhibited by cobalt oxides, CoO and Co3O4 
which showed about three times the capacity of graphite. However, due to the fact that 
cobalt is toxic and expensive, it is desirable to replace Co in Co3O4 partially by eco-
friendly, cheaper alternative metals such as A = Cu, Fe, Mg, Mn, Ni and Zn without 
altering its parental cubic structure. Thus compounds, ACo2O4 have been prepared, many 
as nano-size powders and investigated for their Li-storage and cyclability. Results are 
described and discussed in Chapter 3.  
Fe-based oxides are also viable anode materials for LIBs as iron is cheap and eco-
friendly. There are some reports on Fe3O4 and presently, AFe2O4, A = Cd and Zn have 
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been prepared and their electrochemical behavior has been studied. Results are reported 
in Chapter 4. 
 Apart from oxides, metal- nitrides, -sulphides, -fluorides and -oxyfluorides have 
been studied in the literature. There is only one report on the study of MnCO3 for its Li-
cyclability. Hence, presently pure/mixed carbonates, CdCO3, (Cd1-xCox)CO3 and 
(Cd1/3Co1/3Zn1/3)CO3 have been prepared in nano-size and their Li-cyclability has been 
examined. Results are reported in Chapter 5.  
  Tin-based crystalline and amorphous binary and ternary oxides have been 
extensively studied as prospective anodes for LIBs. Presently, nano-composite 
‘CaO.SnO2’ and crystalline- CaSnO3 and -CdSnO3 have been prepared and their Li-
cyclability has been examined. Results are reported in Chapter 6.   
 The above research work has been carried out in partial fulfillment of the 
requirements for the Ph.D. degree. The work presented in the Thesis has been published 
in the open literature and the work on nano-ZnCo2O4 is cited as one of the highlights of 
the year 2007 in the field of Anode Materials by the Annual report published by The 
Royal Society of Chemistry, London, UK. The work reported by others in the literature 
has been duly acknowledged and the Thesis contains more than 300 references, many of 
them being recent. I would like to mention that the training received by me in the 
research methodology is of great significance to me and I hope that the research results 
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2.1   Abstract 
The experimental techniques employed and the principles there of, in the 
synthesis and characterization of compounds as anode materials are described in this 
Chapter. The details of coin cell fabrication incorporating these materials as the test 
electrodes and the electrochemical characterization are also given.  
2.2 Introduction 
 
This Chapter gives a brief overview of the methods and principles involved in the 
synthesis, physical and electrochemical characterization of mixed metal-oxides and 
carbonates investigated as prospective anodes for use in lithium ion batteries (LIBs). Urea 
combustion, oxalate decompositions and co-precipitation methods have been used for the 
synthesis. Physical characterization techniques include powder X-ray diffraction (XRD), 
Rietveld refinement of XRD data, scanning electron microscopy, high-resolution 
transmission electron microscopy, X-ray photoelectron spectroscopy and 
thermogravimetric analysis. In selected cases, chemical analysis was carried out. 
Electrochemical studies involving galvanostatic cycling, cyclic voltammetry and 
electrochemical impedance spectroscopy were carried out.   
2.3    Synthesis of Materials  
 Mixed metal-oxide and carbonate powders have been prepared by urea 
combustion method [1-3] or oxalate decomposition method [4] or solution co-
precipitation [5-7]. 
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Urea combustion method has been used by various researchers to prepare nano-
size powders of oxide materials at relatively low temperature [1-3]. Optimization of the 
molar ratio of the oxidants (metal nitrates) to the urea (NH2CoNH2) as the fuel is 
necessary to obtain the desired phase in fine particle form. Therefore, presently slightly 
excess urea is used which will decompose by reacting with oxygen from air to yield CO2, 
N2 and H2O vapour. These evolved gases inhibit the grain growth of freshly formed 
compounds and thereby retain the nano-size nature of the particles.  In the present study, 
the oxidant to fuel ratio of 1:3 is employed. ACo2O4 (A= Cu, Fe, Mg, Mn, Ni and Zn), 
and AFe2O4 (A= Cd and Zn) are synthesized by urea combustion method, followed by 
heating at higher temperatures in selected cases. MgCo2O4 is prepared by the oxalate 
decomposition method [4]. The detailed procedures are described in the respective 
Chapters.  
 Solution or co-precipitation method [5-7] involves simultaneous precipitation of 
the metals in the form of their hydroxides or carbonates from aqueous solutions. This 
method is superior to the solid-state reaction method due to the atomic scale mixing of 
metal ions, ability to nucleate the product compound and subsequent formation of nano-
size grains of the product. Well- crystalline nano-size mixed hydroxides, CaSn(OH)6 and 
CdSn(OH)6, and mixed metal carbonates, CdCO3, (Cd0.75Co0.25)CO3 and 
(Cd1/3Co1/3Zn1/3)CO3 are prepared. Subsequent heating of the two mixed hydroxides in air 
at selected temperatures yielded the desired amorphous/crystalline nano-‘CaO.SnO2’/ 






2.4 Characterization Techniques  
 
2.4.1 X-ray Diffraction 
X-ray diffraction is a valuable and versatile tool which has been practiced for 
more than 150 years.  Its original purpose of crystallography, or determining the crystal 
structure of solids, is a well-developed science that is continually being used to solve 
larger and more complicated structures in a variety of fields. This technique is based on 
the principle of Bragg’s law of diffraction [8,9]. The crystals or polycrystalline powders 
of substances which have regularly repeating units of ions/atoms are capable of 
diffracting the X-radiation due to the fact that the inter-atomic distances are comparable 
to the wavelengths of X-radiation. For example, the characteristic Cu Kα X-rays 
possesses a wavelength (λ) of 1.54059 Å. When X-rays with a given λ  are incident at a 
glancing angle, θ on the planes of the crystal or polycrystalline powder comprising lattice 
planes with a spacing d, these rays will be ‘reflected’ from the planes (Fig. 2.1). The path 
difference (AB +BC) between the X-rays reflected from successive planes will be 2d sinθ.  
 
                               Fig. 2.1 Schematic of the X-ray diffraction by crystals. 
According to Bragg’s law, the reflected rays will have constructive interference 
when the path difference is an integral multiple (n) of the λ: 
                                  2 d Sinθ = n λ                           --- (2.1) 
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At angles of incidence other than the Bragg’s angles, ‘reflected’ X-rays are out of phase 
and therefore, results a destructive interference.   
A polycrystalline powder consists of a number of small crystals randomly 
arranged in all possible orientations which is a combination of various lattice planes in 
every possible orientation. For each set of planes, therefore, at least some crystals are 
oriented at the Bragg’s angle, θ which results in the reflection/diffraction of X-rays. The 
intensities and peak positions of the diffracted beams are usually detected by a moveable 
detector and the resultant X-ray diffraction (XRD) pattern is obtained in the form of a 
plot of diffracted X-ray intensity (arbitrary counts) and 2θ (degrees). With the help of 
Eqn. 2.1, the interplanar spacing, d can be readily calculated. The International Centre for 
Diffraction Data (ICDD) provides the standard powder diffraction patterns of a large 
number of compounds in the form of JCPDS (joint committee on powder diffraction 
standards) files. Many other data bases also provide these standards. As the XRD pattern 
is the characteristic of a material, the structure of an unknown compound can be roughly 
identified by comparing it with the data available in the JCPDS files. With this 
information, the exact crystal structure, space group and unit cell parameters can be 
evaluated from the XRD data using available softwares for the least square fitting such as 
AUTOX and FINAX and Rietveld refinement technique (TOPAS and GSAS). We have 
used either of the above two software programs to identify the crystal structure, space 
group and evaluation of lattice parameters.  
Scherrer’s equation [8] is used to calculate the mean, effective or apparent 
crystallite size, Lhkl of a polycrystalline material: 
    Lhkl = θβ
λ
cos2/1
K                                --- (2.2) 
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Here, θ and λ have their usual meanings, β1/2 is full width at half maximum (FWHM) in 
radian and K is constant (~0.9). Corrections to β are made by subtracting the instrumental 
broadening using XRD pattern of standard material, LiCoO2 and LiNbO3. Using the 
Scherrer’s equation, the crystallite sizes of the compounds in the present study have been 
calculated. We have employed Siemens D5005 or Philips X’PERT MPD diffractometer 
equipped with Cu-Kα radiation. 
2.4.2 Density Measurement 
The density measurements of the compounds in the form of pellets were carried 
out using the Archimedes fluid displacement method [10]. In this technique, the mass of 
the immersion fluid (helium gas) displaced by the sample is measured using a 
Pycnometer, AccuPyc 1330 (Micromeritics, USA). For one sample, the average of 10-20 
runs is used as the experimental density. This is compared with the density calculated 
from XRD data, namely, the unit cell volume, the number of formula units per unit cell 
and Avogadro number.  
2.4.3 X-ray Photoelectron Spectroscopy 
 
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique which 
can examine the valence-state of atom/ion species at the solid surface [11]. The XPS 
spectrum is obtained by irradiating the sample with monochromatic X-rays of known 
energy, under ultra-high vacuum and analyzing the energies of the emitted electrons from 
the occupied energy levels of the atoms/ions in the solid. To eject the photoelectron, the 
energy (hν, where h is the Planck constant and ν is the photon frequency) should be larger 
than the binding energy (B.E.) of a certain state of the atom/ion. The ejected electrons 
will have a kinetic energy, Ek (Eqn. 2.3): 
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                                 B.E. = hν – Ek – φ                                  --- (2.3) 
where,φ is the work function, which is defined as the potential difference between the 
Fermi level of the solid and the vacuum level. Fig. 2.2 shows a schematic of the process 
involved in XPS.   
(a) (b) 
 
Fig. 2.2 (a) Schematic of ejection of photoelectron from the occupied energy levels in an 
atom/ion and (b) corresponding energy level diagram. 
 
In the present work, powder samples were analyzed using VG Scientific ESCA 
MK II spectrometer with MgKα X-ray source (hν=1253.6 eV) and with the electron 
analyzer set at a constant pass energy of 20 eV. The peak position of C 1s spectrum with 
a B.E. = 284.6 eV, which is always present due to carbon contamination in small quantity 
on the sample surface, is used for calibration purpose. The energy resolution of the 
spectrometer is 0.05 eV. The raw spectra were curve-fitted using XPS peak-fit software. 
Wherever necessary, the spectra were delineated by non-linear least square fitting with a 
Gauss-Lorentz (ratio 60:40) curve into multiple peaks and the corresponding BEs were 
evaluated.  
2.4.4 Scanning Electron Microscopy (SEM) 
SEM is widely used in the material science research. It offers the advantage of 
large depth of focus, high resolution (1.5-3.0 nm), better contrast and easy sample 
preparation [12]. SEM can produce an image with marked 3-dimensional appearance 
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(micrographs) by scanning the surface of a specimen with a small electron probe. The 
basic components of SEM are: (a) electron optical column together with appropriate 
electronics, (b) the vacuum system which includes the specimen chamber and stage, and 
(c) signal detection and display system.  
The electron column contains lenses whose function is to de-magnify the image of 
the cro
EM equipped with energy 
dispers
ls science, solid state chemistry and 
condensed matter physics [13,14]. High- resolution (HR)-TEM can reveal the micro- 
ss over in the electron gun to the final spot size on the specimen (1nm - 1µm). 
Two sets of scanning coils are coupled with appropriate scan generator to cause the beam 
to be deflected over the specimen surface. The specimen chamber is designed such that 
specimen orientations are rapid and provide many movements. The detection system used 
in SEM depends upon the interaction of primary electrons with specimen. These primary 
electrons are accelerated through a potential (10-200 keV) and interact with specimen 
which generate secondary electrons which are detected. The SEM micrograph indicates 
the particle size as well as the morphology of the specimen.  
Elemental analysis can also be performed using S
ive X-ray analysis (EDAX). This requires a specific detector to detect the X-rays 
emitted from the specimen. In SEM, electronically-conducting materials are preferable 
for investigation. However, insulating materials can also be studied by giving a thin 
conducting coating of gold (Au) or platinum (Pt) using sputtering techniques, which will 
prevent the electrical-charging of the specimen. In the present investigations, SEM (JEOL 
JSM-6700F) equipped with EDAX (JED-2300) instrument was used.  
2.4.5 Transmission Electron Microscopy (TEM) 
TEM has been used extensively in materia
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structu
ntal technique which can be performed by TEM. Parallel beam of 
fracted by the atoms/ions present in 
specim
t is an important aspect [14]. The 
electron beam transparency which limits 
ral and nano-structural details of a solid specimen. In TEM, a beam of electrons is 
transmitted through an ultra thin specimen. An image is formed from the interaction of 
the electrons transmitted through the specimen, which is magnified and focused onto an 
imaging device. A TEM is composed of several components such as a vacuum system, an 
electron emission source and a series of electromagnetic lenses as well as electrostatic 
plates. There are two kinds of modes in TEM imaging, namely, bright field images (the 
transmitted beam intensity) and dark field images (the diffracted beam intensity) which 
provide information about structural features of the materials, as well as the crystallite 
size and morphology.  
2.4.5.1 Selected Area Electron Diffraction (SAED) 
It is an experime
high-energy electrons incident on the specimen are dif
en and generate a pattern. Selected areas of the specimen give the SAED pattern. 
It consists of a pattern of dots in the case of single crystals, whereas amorphous 
specimens give a pattern of rings. Nano-crystalline specimens display the concentric 
rings overlapped on some occasional diffuse spots. SAED pattern is used to determine the 
d-spacing (interplanar distances) and thus identify the crystal structure and lattice 
parameters by measuring the diameters of rings. In the present study, HR-TEM (JEOL-
JEM-2100 operating at 200 kV or JEM-3010 operating at 300 kV) and SAED have been 
used extensively to characterize nano-size compounds. 
2.4.5.2 TEM Sample Preparation  
The sample preparation in HR-TEM experimen









NS elemental analyzer is used for the determination of the C, H, N, and 
ic/inorganic compounds. Except nitrogen, the elements are 
analyze
um thickness to 5 µm and a clean surface (free from contaminants). For high 
quality sample, the thickness must be comparable to the mean free path of the electron 
that travels through the sample. TEM samples are prepared by following the procedure: 
(1) Grinding the powder thoroughly in agate mortar and pestle, 2) suspend the powder in 
an organic solvent in an ultrasonic bath and 3) deposit the suspended particles on to a 
TEM copper grid coated with holey-carbon. If the grain size of sample is significantly 
larger than 1 µm, mechanical-thinning of the particles is needed.  
2.4.6 Elemental Analysis 
2.4.6.1 Inductively Coupled Plasma- Optical Emission Spectro
ICP-OES is a powe
present in a sample [15]. In this technique, solid sample is dissolved in mineral acids o
gia and then mixed with water before being fed into the plasma. The inductively-
coupled plasma consists of a hot, partially ionized gas containing an abundant 
concentration of cations and electrons that make the plasma, a good conductor.  
The procedure utilizes the UV and/or visible spectrometry to analyze the plasma 
at the exact wavelength of ionic excitation of the element.  In the prese
vely coupled plasma optical emission spectrometer (ICP-OES, Optima 5300 DV) 
is used.   
2.4.6.2 CHNS Analyzer  
CH
sulpher present in organ
d by converting to CO2, H2O and SO2. Nitrogen is analyzed by Kjeldol method. In 
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the present work, the commercial instrument, CHNS elemental analyzer (Elementar 
Vario MICRO CUBE) is used for the analysis of selected compounds.  
2.4.7 Thermogravimetric Analysis  
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are 
the two
ep decomposition reaction. 
 
no weight loss 
until te
 complementary thermal analysis techniques [5,16]. TGA provides the change in 
the weight of a substance as a function of temperature, e.g., loss of water, formation of 
CO2, N2 etc. The results are plotted in the form of weight loss on y-axis and temperature 
on x-axis.  These plots are known as thermograms. Fig. 2.3 shows a schematic single-step 
decomposition reaction.  
 








                      mperatur
 ,% 
Wf 
atic thermogram for a single st
The sample of a known weight is heated at constant rate and has 
mperature Ti is reached. After this, the sample starts decomposing which is 
completed at temperature, Tf. The total weight loss (∆W) is used to calculate the wt.% 
loss and can be compared with the theoretically expected value from the reaction 
occurring in the sample.  
 
 
    Te e 
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DTA gives a thermogram reflecting the change in enthalpy (heat content) of the 
sample as a function of temperature, when subjected to heating at constant rate. 
Exothermic and endothermic reactions can be easily characterized by DTA. Both TGA 
and DTA in air or in other atmospheres can be carried out. In the present work, the TA 
Instruments (SDT-2960 Simultaneous DTA-TGA) at a heating rate of 5 oC min.-1, in air 
or N2- atmosphere is used. 
2.5 Fabrication of Coin (Button) Cell 
 
 For the study of electrochemical properties of oxide/carbonate materials, they are 
incorporated as electrodes in hermetically-sealed coin or button cells. The coin cell 
fabrication involves several steps and these are described here.  
2.5.1 Electrode Fabrication 
 The composite electrodes consisting of thick slurry of electrode material, 
conducting carbon powder (Super P, MMM Ensaco) and binder (Kynar 2801) in the 
weight ratios, 70:15:15 are fabricated. The organic solvent, 1-methyl 2-pyrrolidone (NMP, 
Merck) is used as the mixing medium for slurry preparation. The thick and uniform slurry 
was coated onto an etched copper foil (~ 10-15µm) by the doctor blade technique. 
Mixing with the conducting carbon imparts good inter-particle electronic conductivity 
among the grains of active electrode material. The polymer, ployvinylidene difluoride 
(PVDF) (Kynar) acts as a binder and helps the coating to adhere well to the Cu-metal foil. 
Copper, due to its excellent electronic conductivity and non-alloying nature with Li-metal, 
is chosen as the ‘current collector’ for the electrode material. Drying at 80oC in an air 
oven for 24 h evaporates the NMP. The dried thick films (20-30 µm) of composite 
electrodes are pressed between twin rollers (Soei Singapore Scientific Quartz Co.) at 
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~2MPa pressure to ensure good adherence of composite electrode material on to the Cu-
foil. The composite electrode is then cut into discs of 16 mm diameter, then dried at 70˚C 
for 12 h in vacuum oven, cooled and transferred to the glove box.  
2.5.2   Coin Cell Assembly  
 
 The coin-cells are fabricated inside an Ar-filled glove-box (MBraun, Germany) 
which maintains < 1 ppm of H2O and O2. For making a coin cell, standard stainless-steel 
cups and lids fitted with a plastic ring are used for the casing (Hohsen Corporation, 
Japan). Coin cells (size, 2016; 20 mm diameter and 1.6 mm thick) comprise composite 
electrode, Li metal (Kyokuto Metal Co., Japan) foil as counter electrode, ‘Celgard 2502’ 
polypropylene micro-porous membrane or glass micro-fiber sheets (Whatman, UK) as the 
separator and 1M LiPF6, dissolved in ethylene carbonate (EC) and diethyl carbonate 
(DEC) or dimethyl carbonate (DMC) (1:1 by volume, Merck Selectipur LP40) as the Li-
ion conducting electrolyte. The electrode is placed in the centre of the cup which forms 
the positive terminal of the cell and is wetted with a few drops of the electrolyte. This is 
covered with the micro-porous separator that is permeable to the Li-ions but impermeable 
to particles of the material and is an electronic insulator.  It is wetted with few drops of 
the electrolyte. Circular Li-metal disc of the size 13 mm diameter and ~0.59 mm thick is 
then placed centrally on the separator. To ensure good electrical contact and hermetically 
sealing of the cell, a steel spring is welded to the stainless steel lid which then rests over 
Li-metal disc and forms the negative terminal of the cell. Finally, hermetic sealing is 
done with a mechanical press (Hohsen Corporation, Japan). A schematic of coin-cell 





   Fig. 2.4 (a) Schematic of coin cell assembly, and (b) photograph of fabricated coin cell. 
 
The assembled cells are then transferred out of the glove box and are aged for 24 
h at ambient temperature (to ensure the percolation of the electrolyte into the electrode 
material) before performing any experiments. The Li-metal is used as the counter and 
reference electrode whose voltage is fixed arbitrarily as zero. In contact with electrolyte, 
it provides infinite number of Li-ions. Hence, the composite electrode in the cell reacts 
with maximum possible amount of Li during discharge. During charge-process, Li-ions 
will get reduced and deposited on to Li-metal.  Therefore, the electrochemical cycling 
response of the cell is the resultant of changes in the composition-voltage change with 
respect to the composition of cathode material. Such a cell configuration employing one 
working electrode and one counter (reference) electrode is called half-cell configuration. 
Thus, the capacity of cell with Li-counter electrode is in fact the practical capacity of 
cathode. 
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2.6   Electrochemical Studies 
            The electrochemical cycling studies can be performed under constant current or 
constant potential conditions. These two techniques are known as galvanostatic and 
potentiostatic cycling, respectively.  
2.6.1 Galvanostatic Cycling  
In this method, cell voltage varies as a function of the state of discharge or charge 
of the electrode vs. Li-metal, as the reference [17,18]. In the galvanostatic cycling, the 
charging and discharging are performed at a constant current and the resulting cell-
voltage is plotted as a function of time or the state of charge/discharge. The voltage-
composition relationship depends upon the current rate at which the cell is charged or 
discharged. The shape of the discharge curve (voltage vs. state of charge) is the result of 
the change of the potentials of both electrodes as the overall reaction takes place.  
We have carried out galvanostatic cycling studies on the cells at ambient 
temperature (RT = 25ºC) by computer controlled Bitrode multiple battery tester (model 
SCN, Bitrode, USA) for a fairly large number of charge-discharge cycles. The resultant 
output of the measurement is in the form of data comprising step charge-discharge time, 
variation of voltage and overall energy output (discharge/charge capacity) in terms of 
mA.h (coulombs) with respect to time for the weight of the active material of the 
electrode. The specific discharge/charge capacity (mAhg-1) (and the number of moles of 
Li) can then be deduced from the known weight of the active material (and its molecular 
weight).  
The theoretical specific capacity of a compound is calculated assuming that all the 
Li ions (and electrons) per formula unit of the compound participate in the 
electrochemical reaction and is given by: 
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                1000
   3600  M
)n  (F )g(mAh   cap.    theor.Sp. Li1- ××
×=                                --- (2.4) 
where, F = Faraday’s constant (96,500 coulombs per gm. equiv.), nLi = number of Li-ions 
(and electrons) participating  per  formula unit  of the compound (e.g., nLi=4.4 for Sn, 2 
for CoO) and M= molecular weight. 
For example, the theoretical reversible specific capacity of CoO is:  
                        mAhg5.7151000
)3600  74.93(
) 2  96500( 1-=××
×                               --- (2.5) 
assuming that CoO is reduced to Co-metal due to ‘conversion reaction’ with Li.  
Similarly, the actual amount of Li participating in charge-discharge process is calculated 
from the experimental values of specific capacities. A comparison of the galvanostatic 
cycling response in terms of the achieved capacities with the theoretical capacities, will 
help to decide the suitability of the compound for its application as anode for LIB.  
2.6.2 Cyclic Voltammetry 
Cyclic voltammetry is a type of potentiodynamic electrochemical measurement 
and most widely used technique in electrochemistry to get the qualitative and quantitative 
information regarding the redox potentials, phase transitions that may occur in the test 
electrode and electron transfer kinetics [17-19].  
Diffusion coefficients of species participating in the electrochemical reaction and 
the values of equilibrium potentials of the electrode reactions can also be known using 
this technique, which is based on varying the applied potential at a working electrode in 
both forward and reverse directions at a fix scan rate (µVs-1).  For example, the initial 
scan could be in the negative direction (cathodic or reduction process) to the switching 
potential. At that point the scan would be reversed and run in the positive direction 
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depending on the set potential. Depending on the analysis, one full cycle, a partial cycle, 
or a series of cycles can be performed. The cyclic voltammogram (CV) response is 
obtained in the form of a plot of electrolytic current (mA) flowing through the electrolyte 
(or i×t, mAh, where t is the time in h) between the electrodes and the applied potential. 
The important parameters in the CV are the peak potentials (Epc(cathodic) and Epa 
(anodic)) and peak currents (ipc and ipa). If the electron transfer process is fast compared 
with other processes (such as ionic diffusion), the reaction is said to be electrochemically 
reversible and the peak current is given by the Randles-Savcik expression: 
                     Ip = 2.686 x105 n3/2A t c0 D1/2 v1/2                  --- (2.6) 
where Ip is the peak current in amps, n is the charge transfer number (number of 
electrons), A is the area of electrode (cm2), D is the diffusion coefficient (cm2 s-1), c0 is 
the concentration of electroactive species in mol cm-3 and v is the scan rate in Vs-1.  
  In the present work, the CVs are recorded at a scan rate of 58 µVs-1 employing 
computer controlled MacPile II (Biologic, France) unit at room temperature.  
2.6.3 Electrochemical Impedance Spectroscopy (EIS) 
EIS is a non-destructive and useful technique for evaluation of the kinetic and 
mechanistic information of battery electrode materials and can be used to monitor 
changes in battery properties under different usage and storage conditions [20-23]. In EIS, 
the cell is held at equilibrium at a fixed potential and a small amplitude ac signal (5-10 
mV) is superimposed on it [20,21]. The response of the system to this perturbation from 
equilibrium is measured in terms of amplitude and phase of resultant current which give 
the overall impedance of the cell. The frequency of the ac signal can be varied to study 
the impedance variation of the cell as a function of frequency. The impedance, being a 
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complex quantity, can be represented as a vector diagram which displays the real (in-
phase, Z′) and imaginary components (out of phase, -Z") of a complex system. Such plots 
at each potential are called as Nyquist plots.  
The total impedance is determined by the individual impedances of various 
processes which occur during cycling. These are: electron transfer kinetics, diffusion, 
passivating layers, charge transfer impedance, bulk impedance, Warburg impedance and 
intercalation capacitance. The relative contributions of these various processes or 
components vary with frequency. For example, the electron transfer kinetics dominates at 
high and intermediate frequency range (1MHz-1kHz) whereas diffusion dominates in the 
low frequency range (1kHz–3mHz). Hence, measurements over a wide frequency range 
are made to distinguish between such time-dependent contributions to the overall 
impedance.  
 Quantitative data are obtained from the observed Nyquist plots by fitting to an 
equivalent electrical circuit [20,21]. These circuits (models) can be designed using the 
combination of resistors and capacitors in series or parallel fashion such that each circuit 
element corresponds to a component of the electrochemical cell and thus the model 
simulates the experimental impedance spectrum. A resistor may be used for solution 
resistance or a parallel combination of resistor and a capacitor. 
An equivalent circuit for fitting the impedance spectrum of nano-‘CaO.SnO2’ 
electrodes recorded at 1.5 V during first discharge is shown in Fig. 2.5a. The overall cell 
impedance is a summation of the resistances offered by the cell components and 
electrolyte (Re), surface film resistance (Rsf) and corresponding constant phase element 
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(CPEsf), charge transfer resistance (Rct) and the corresponding double layer capacitance 
(CPEdl) and the diffusion or Warburg impedance (W1)  
 
Fig. 2.5 (a) Equivalent circuit used for fitting the impedance spectra. (b) Nyquist plots: 
experimental (red) and fitted (green). (c)Typical values of circuit parameters 
used in (a). Ohm (Ω) and Farad (F) are the units of resistance and constant 
phase element.  
 
 In practice, the Nyquist plots show a depressed semicircle which is an indication 
of deviation of the electrode from the ideal behavior and therefore, CPEs are used instead 
of pure capacitors. The impedance of CPE can be derived from the equation, ZCPE = 1/[Ci 
(jω)n] where j = √-1, ω is the angular frequency, Ci is the capacitance and n is a constant. 
The value of n (< 1) gives the degree of distortion from the pure capacitor behavior, and 
for the latter, n = 1. The Nyquist plots for real electrochemical cells can be more complex 
and may need all the circuit elements for proper modeling [20,21].  
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 Fig. 2.5 shows the Nyquist plot of a cell with nano-‘CaO.SnO2’ as the working 
electrode and Li-metal as anode. The cell was discharged to 1.5 V from open circuit 
voltage (OCV~2.6V) and relaxed for 2-3 h at that voltage. The Nyquist plot is fitted to an 
equivalent circuit (Fig. 2.5a) and the evaluated impedance parameters using the Z-view 
software are listed in Fig. 2.5c. 
 The EIS experiments in the present work are performed using the Solartron 
Impedance/Gain-Phase Analyzer (SI 1260) coupled with a Battery Test Unit (1470). An 
ac signal with amplitude of 5 mV is used to measure the impedance response over the 
frequency range varying from 0.10 MHz to 5 mHz. Data acquisition and analysis were 
carried out using the electrochemical impedance software, ZPlot and Zview (Version 2.2, 
Scribner Associates Inc., USA). 
2.6.3.1 Determination of Diffusion Coefficient of Li from EIS 
        A detailed analysis of the impedance spectra can yield information about the 
chemical diffusion coefficient (DLi+) of the Li-ions involved in the electrode system. 
Both thin films as well as polycrystalline electrode materials can be used to estimate the 
DLi+ and its variation with the applied voltage from the impedance spectral analysis 
[22,23]. The DLi+ can be calculated from the impedance spectrum at a given voltage 
using the Eqn. 2.7 [23]. 
                        DLi+ = π fL L2                              --- (2.7)                               
where fL is the limiting frequency extracted from the spectrum where the Warburg region 
(a straight line with a slope close to 45° from the real axis in the Nyquist plot) gives way 
to a vertical line, ~80° on the real axis, the latter corresponding to the finite length 
diffusion process. Usually fL is realized at low frequencies (≤0.5 Hz). The L in Eqn. (2.7) 
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is the maximum length in the diffusion pathway in the electrode system, and in the case 
of thin-film electrodes, taken as the thickness of the film. In the case of electrodes 
comprised of polycrystalline material, the diameter of the fine (nano-size) particles can be 
taken as the approximate value of L.   
Apart from the above expression, following expression (Eqn. 2.8) can also be 
used for determination of DLi+ [22]. In this case, dE/dx, change in the voltage due to a 
change in the Li-content x, in the active material, is determined from the galvanostatic 
intermittent titration technique (GITT).  
















⎛=+                               ---(2.8) 
where, Vm is the molar volume of the active material, F is the Faraday constant, A is the 
electrode area, AW is the Warburg coefficient obtainable from the Warburg region of the 
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Chapter 3  
Studies on spinel cobaltites, ACo2O4 (A = Cu, Fe, Mg, Mn, Ni and 
Zn) as anodes for Li-ion batteries*
 
3.1 Abstract 
The compounds, ACo2O4 (A = Cu, Fe, Ni, Mg, Mn and Zn) have been 
synthesized by urea combustion or oxalate decomposition method. Powder X-ray 
diffraction, SEM, HR-TEM, SAED and XPS (for A = Fe and Ni) studies confirm the 
spinel structure and their formation in phase-pure form except when A = Cu, which has 
CuO as a minor impurity. All the compounds except A = Fe are obtained as nano-size, < 
20 nm. Li-cyclability has been examined at room temperature in the voltage range 0.005-
3.0 V vs. Li at 60 mAg-1 (~0.1 C) up to 60 cycles. The first-cycle charge capacities varied 
from 736 to 930(±10) mAhg-1 depending on the A-ion. ZnCo2O4 (Zn-Co) performed best 
among all the compounds and retained 98% of the 5th charge capacity, 900 (±10) mAhg-1 
at the 60th cycle with the coulombic efficiency of ~ 98%. This corresponds to 8.3 moles 
of Li per mole of (Zn-Co) vs. theoretical, 8.33 moles of Li. It also exhibited very good C-
rate capability. The order of Li-cycling behavior is: (Zn-Co) (ZnCo2O4) > (Fe-Co) 
FeCo2O4 > (Cu-Co) (CuCo2O4) > (Ni-Co) (NiCo2O4) > (Mn-Co) (MnCo2O4) ≈ (Mg-Co) 
(MgCo2O4). These results clearly show the effect of counter ion (A) on the Li-cyclability.
 
* Work described in this Chapter has been published / presented in the following journals 
/conference: 
   1. Adv. Funct. Mater. 17 (2007),  2855-2861; 
   2. J. Power Sources 173 (2007),  495-501; 
   3. Solid State Ionics 179 (2008), 587-597; 




Cyclic voltammograms show that the average charge potential is ~2.0V and discharge 
potential is ~1.1V, in all the compounds and complement the galvanostatic cycling 
results. The underlying Li-cycling mechanism is the reversible ‘conversion’ reaction of 
the A- and Co- metal particles with Li2O to form AO and Co3O4 reversibly, except when 
A = Mg. In (Zn-Co), additional reversible capacity arises due to the alloying-de-alloying 
reactions of Zn. Impedance spectral data on FeCo2O4 vs. Li at different voltages during 
the 1st-cycle and in the charged- state after 10 cycles have been analyzed and interpreted. 
In the present work, it is shown that choosing a spinel, which can react with Li via both 
alloying-de-alloying and conversion reactions, is a novel strategy to obtain stable and 
high capacities.    
3.2 Introduction   
Presently, lithium-ion batteries (LIBs) are being used as dc-power sources for 
portable electronic appliances in the form of 3.6 V compact rechargeable batteries [1-3]. 
As described in Chapter 1, there is an urgent need to improve the performance of LIBs, 
and metal oxides are the widely investigated materials as prospective anodes for use in 
LIBs to replace the graphite which has a theoretical capacity of 372 mAhg-1 [2-6]. The 
main research focus is on two oxide groups: Those that react with Li via metal formation 
and subsequently alloy formation [7-12], and those that react with Li via displacive redox 
reaction involving Li2O and nano-size metal particles [13-18]. Compounds belonging to 
the former group are the oxides of Sn, Sb, In and Zn.  Among these, binary and ternary 
tin oxides have received special attention due to their ability to form Li4.4Sn alloy, 
thereby delivering high capacity values of 600–800 mAhg-1, in the voltage range 0.0-
1.3V but they exhibit capacity-fading extensively on discharge–charge cycling [1,8-11].  
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Compounds falling in the second category are the transition metal oxides, such as CoO, 
Co3O4, FeO, NiO, CuO [13-18]. Spinel Co3O4 has received considerable attention in 
recent years due to its ability to deliver high capacity (> 800 mAhg-1) in the voltage 
window, 0.005-3.0V [1,4-6,13-15,18]. It has a normal spinel structure in which Co2+ and 
Co3+ are placed at the tetrahedral and octahedral sites, respectively. During the discharge 
with Li, the Co-ions are reduced to the metal, Co embedded into Li2O-matrix. However, 
upon charging, either CoO [16,17] formation or re-formation of Co3O4 occurs [14,15,18]. 
Although Co3O4 shows high and stable reversible capacity, it is toxic and expensive. 
Efforts are made, in recent years, towards replacing Co in Co3O4 partially by eco-friendly 
and cheaper alternative counter metal ions. To this end, preliminary anodic properties 
have been reported on NiCo2O4 [19] and ZnCo2O4 [20] which are isostructural to Co3O4.        
In the present work, the nano- or submicron- sized spinel compounds, ACo2O4 (A 
= Cu, Fe, Mg, Mn, Ni and Zn) have been prepared and their Li-cyclability has been 
investigated. Motivation for the present study is to examine the effect of counter matrix 
ion (A), either electro- active or –inactive, and also to find out whether alloying-de-
alloying and conversion reactions can contribute to the reversible capacity in a given 
material. Results show that nano-ZnCo2O4 is the best among all the above spinels. It 
gives a reversible capacity of 900(±10) mAhg-1 stable up to 60 cycles when cycled in the 
voltage range, 0.005-3.0 V at 0.07C. The capacity value corresponds to ~8.3 moles of Li 
per mole of ZnCo2O4 vs. theoretical, 8.33 moles of Li. To our knowledge, this is the first 
time that the reversible capacity contribution of Zn through both alloy formation and 
displacement (conversion) reaction is realized in a mixed oxide, and both Zn and Co 
metals appear to act as complementary matrix ions. The second best cobaltite is FeCo2O4 
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which showed a capacity ~750 mAhg-1 (6.6 Li per mole of FeCo2O4) at the end of 75th 
cycle. Present study shows that the Li-cycling performance of ACo2O4 with respect to the 
counter matrix ion follows the order, Zn > Fe > Cu > Ni > Mn ~ Mg. 
3.3 Experimental  
  Spinels- ACo2O4 (A = Cu, Fe, Mn, Ni and Zn) and MgCo2O4 have been 
synthesized by urea combustion method and oxalate decomposition reaction, respectively 
[21-24]. In the urea combustion method, stoichiometric amounts (0.032 mole) of metal 
salts, Fe-oxalate.2H2O (Aldrich), Mn-acetate.2H2O (Alfa), Ni(OH)2 (Fisher), ZnCl2 
(Merck) or CuO (Merck) and 0.064 mole of Co(OH)2 (Aldrich) were separately dissolved 
in minimum amount of HNO3 (Merck) to obtain the respective nitrates. These nitrate 
solutions were mixed and kept at 80oC for ~1 h with continuous stirring.  Urea (0.194 
mole; Fluka Chemika) was added to the nitrate solution and heated slowly to 100oC for 
12 h to evaporate the water. The dry powders were ground thoroughly using mechanical 
grinder and calcined at 400oC for 6 h in air in a box furnace (Carbolite, UK) to obtain 
ACo2O4, A = Cu, Mn, Ni and Zn. Single phase FeCo2O4 could be obtained only after 
heating in air at 900oC for 6 h. 
MgCo2O4 was prepared by the oxalate decomposition method [24] using the 
stoichiometric proportions of Mg-acetate.4H2O (0.024 mole; Fisher), Co(OH)2 (0.048 
mole) and oxalic acid (Fluka Chemika) as the starting materials. Mg-acetate and Co(OH)2 
were dissolved in sufficient amount of HNO3 to get the respective nitrates and the pH-
value of these solutions were adjusted to the range of 6.5-7.0 by adding NH4OH solution. 
The nitrate solution was then poured quickly into the hot 2 wt. % excess oxalic acid 
(0.073 mole; Merck). The pink colored precipitate was filtered, washed profusely with 
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de-ionized water and dried at 100oC for 12 h and then heated at 350oC for 6 h in air and 
cooled to room temperature. 
The compounds were characterized by powder X-ray diffraction (XRD) using a 
Siemens D5005 diffractometer equipped with Cu-Kα radiation and transmission electron 
microscope (TEM) (JEOL JEM 3010 operating at 300 kV). High resolution (HR) lattice 
images and selected area electron diffraction (SAED) patterns have been recorded on the 
bare compounds and on the composite electrodes recovered from the cells after selected 
charge-discharge cycles. Surface morphology was studied using SEM (JEOL JSM – 
6700F, Field Emission Electron Microscope). X-ray photoelectron spectra (XPS) were 
recorded on the vacuum dried FeCo2O4 and NiCo2O4 powders using VG Scientific ESCA 
MK II spectrometer, operated in the fixed analyzer transmission mode with pass energy 
of 20 eV, using Mg Kα radiation (hν=1253.6 eV). The raw spectra were curve-fitted by 
non-linear least squares fittings with a Gauss-Lorentz ratio (60:40) using the XPSpeak fit 
software, and the binding energies (BEs) were evaluated using C 1s spectrum (BE = 
284.6 eV) as reference and are accurate to ± 0.1 eV.  
For the electrochemical studies, coin cells (size, 2016: 20 mm diameter and 1.6 
mm thick) were fabricated in the Ar-gas filled glove box using the composite electrode 
(70:15:15:: cobaltite powder : carbon : binder) as working electrode and Li metal foil 
(Kyokuto Metal Co., Japan) as the counter electrode. The electrolyte is 1M LiPF6, 
dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume, Merck 
Selectipur LP40). The details of electrode and coin cell fabrication are described in 
Chapter 2 (Section 2.5). 
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For TEM studies, the bare- cobaltite powders were dispersed in ethanol using the 
ultrasonic miller (Transsonic 660/H Elma). A drop of suspension was deposited on to a 
holey carbon-coated Cu-grid and was dried before transferring to the TEM chamber. For 
carrying out the ex-situ -XRD and -TEM studies, multiple identical cells were made and 
discharged/charged to different voltages and maintained at that voltage for 3 h. The cells 
were then dismantled in the glove box and the composite electrodes containing the active 
material were recovered and washed thoroughly with DEC as the solvent to remove the 
electrolyte, and dried at 80oC in a vacuum oven. For ex–situ XRD, the electrodes were 
mounted along with the Cu–foil substrate, after covering them with a parafilm (American 
National Can, USA), XRD patterns were recorded. For ex-situ TEM studies, the 
recovered powder was dispersed in ethanol in a plastic vial using the ultrasonic miller. A 
drop of the suspension was deposited on to a holey carbon-coated Cu-grid and was dried 
by mild heating using a table lamp for 30 min., and stored in a plastic vial.   
3.4 Results and Discussion 
3.4.1 Structural and Morphological Characterization 
Ideal cubic spinel structure, A[B2]O4 , where A = divalent (2+) and B = trivalent 
(3+) of space group, Fd3m, is made up of 64 tetrahedral interstices placed at three non-
equivalent positions 8a, 8b and 48f, and 32 octahedral interstices situated at the 
crystallographically non-equivalent positions 16c and 16d, and the cubic-close-packed 
oxygen ions occupy the 32e position in a unit cell. Typically, the cations (usually metals) 
occupy 1/8 of the tetrahedral sites and 1/2 of the octahedral sites and there are 32 O-ions 
in the unit cell [25]. Depending upon the cation distribution, spinel structures can be 
divided into two groups, viz., normal and inverse spinel. In the former case, A2+ ions are 
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placed on tetrahedral sites and the B3+ ions are on octahedral sites. On the other hand, in 
inverse spinels, the A2+ ions and half of the B3+ ions are on octahedral sites; the other half 
of the B3+ ions are at the tetrahedral sites with the formula, B[AB]O4. Fig. 3.1 shows a 
typical half a unit cell of the spinel structure. 
 
 Figure 3.1 Half a unit cell of the spine1 structure showing the position of 8a (o) and 16d 
(●) cations, some of the 32e oxygens (Ο); 8b, 48f (•) and 16c (*) interstitial sites 
of one quarter (two octants) of the unit cell. Taken from Chen et al. [26]. 
 
In the urea combustion method of preparation, the nitrate ion in the metal nitrates 
acts as the oxidizer and urea (NH2CONH2) acts as the fuel to give gases and water. Also, 
the excess urea decomposes at ~400oC to give gases. 
      A(NO3)2 + 2Co(NO3)2 + CO(NH2)2 →  AO + CoO(Co3O4) + H2O + CO2 + N2  
 The freshly formed AO and CoO (Co3O4) will combine to form the oxide spinel, 
ACo2O4 (A = Cu, Mn, Ni and Zn) at the synthesis temperature, 4000C. We found that 
FeCo2O4 with the spinel structure formed only after heating to 900oC. However, 
MgCo2O4 did not form by the urea combustion method but could be prepared by the 
oxalate decomposition method at temperature as low as 350oC. 
 All the cobaltites, ACo2O4, A= Cu, Fe, Mg, Mn, Ni and Zn are black in color and 
well crystalline. For the sake of convenience, hereafter these are referred as (Cu-Co), (Fe-
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Co), (Mg-Co), (Mn-Co), (Ni-Co) and (Zn-Co), respectively. The XRD patterns of all the 
cobaltite powders are shown in Fig. 3.2 which reveals the formation of compounds, 
possessing the cubic spinel structure [20, 24,25,27,28] in phase-pure form except (Cu-Co) 
in which a small amount of impurity of CuO was found. The lattice parameters were 
evaluated from the 2θ values and Miller indices (hkl) using the ‘finax’ software and are 
listed in Table 3.1. As can be seen, the cubic lattice parameters (a-values) are in good 
agreement with the reported values in the JCPDS data files, and in refs. [24,27,29] for 
(Cu-Co), (Fe-Co), (Mg-Co), (Mn-Co), (Ni-Co) and (Zn-Co), respectively.  
 










































Fig. 3.2 X-ray diffraction patterns of (a) CuCo2O4 (Cu-Co). Asterisk indicates the line due 
to impurity of CuO. (b) FeCo2O4 (Fe-Co), (c) MgCo2O4 (Mg-Co), (d) MnCo2O4 





Table 3.1 Evaluated lattice parameters of spinels, ACo2O4, A = Cu, Fe, Mg, Mn, Ni and 


























































In Fig. 3.3, the SEM micrographs of all the as-prepared cobaltites are shown. 
Apart from (Fe-Co) and (Mg-Co) (Figs. 3.3b and c), all the other cobaltites comprise 
agglomerates of nano-particles due to similar conditions of preparations, whereas (Fe-Co) 
consists of submicron particles, because of the high synthesis temperature (900oC).  
The needle-shape morphology is obtained in (Mg-Co) (Fig. 3.3c) and this entirely 
different morphology of particles could be attributed to the mixed metal oxalate 
decomposition [18,24,30]. Presence of alkaline earth metal ions, Mg has the strong 
influence on morphology [31]. While precipitating the MgCoC2O4, these alkaline earth 
cations (Mg) promote the nucleation and dictate the growth of particles in needle-like 
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Fig. 3.4 (a) TEM photographs and (b) SAED pattern of CuCo2O4 (Cu-Co), (c) TEM 
photographs and (d) SAED pattern of ZnCo2O4 (Zn-Co). Miller indices (hkl) and 
bar-scales are shown. 
 
rings with occasional bright spots indicating the nano-crystalline nature of the 
compounds. The d-values are derived and indexed to the Miller indices of (Cu-Co) and 
(Zn-Co) which complement the XRD data.   
3.4.2 XPS Studies on (Fe-Co) and (Ni-Co) 
In order to obtain the information about the oxidation states of Ni/Fe and Co, and 
also their possible distribution between the tetrahedral and octahedral sites in the spinel 
structure, XPS studies have been carried out. XPS data on NiCo2O4 (Ni-Co) synthesized 
by various methods has been given in the literature and it was reported that the cation 
distribution at the tetrahedral and octahedral sites in the spinel structure is a function of 
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the preparation method [32]. The XPS studies on FeCo2O4 (Fe-Co) are reported here for 
the first time. The XPS spectra of (Ni-Co) and (Fe-Co) in the Co 2p region are shown in 
Figs. 3.5a and b, respectively. The asymmetric peaks in the spectra are deconvoluted into  
 
Fig. 3.5 XPS spectra of the spinels, NiCo2O4 (Ni-Co) and FeCo2O4 (Fe-Co) in various 
binding energy (BE) regions. (a) and (b) Co 2p in (Ni-Co) and (Fe-Co). (c) Ni2p 
in (Ni-Co). (d) Fe 2p in (Fe-Co). (e) and (f) O 1s in (Ni-Co) and (Fe-Co), 
respectively. Base line and curve fitting of the raw data are shown. The ‘satt. p’ 
refers to satellite peaks.    
 
multiple peaks: two high intensity spin-orbit doublets (2p3/2 and 2p1/2) and three low 
intensity shake-up satellite peaks. The binding energies (BEs) corresponding to the peak 
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positions are given in Table 3.2. The spectra resemble those reported for NiCo2O4 [32] 
and Co3O4 [33] and thus, the assignments are done in the light of the available data. The 
first peak in the doublet peak corresponding to Co2p3/2 is seen at 779.2 (±0.1) eV with a  
2p1/2-2p3/2 separation (∆) of 15.4 eV in (Fe-Co) and ∆ = 14.8 eV in (Ni-Co) (Table 3.2). 
The second of the Co2p3/2 doublet peak is seen at 780.6 eV with a ∆ of 15.2 eV for (Fe-
Co). For (Ni-Co), the respective values are 781.0 eV with a ∆ of 15.1 eV (Table 3.2). 
Chuang et al. [33] and Gautier et al. [34] have also noted these doublets peaks at 779.2 – 
Table 3.2 XPS binding energies (BE, ±0.1 eV) of Co, Ni, Fe and O in the compounds, 
NiCo2O4 (Ni-Co) and FeCo2O4 (Fe-Co) possessing the spinel structure. ∆ is the difference 
in BEs. The fourth column gives the peak description and the assigned oxidation state of 
the elements in the compounds.  
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779.6 and 780.3-780.7 eV with ∆=15.1 and 15.4 eV in the spinels, Co3O4 and MnxCo3-
xO4 (x = 0-1.0). The peak at 779.2 eV is assigned to the Co3+ component and the peak at 
780.6 eV is assigned to Co2+ in Fe[Co2]O4 (Fe-Co). 
The first satellite peak at 785.2 (±0.2)eV in (Ni-Co) and (Fe-Co) is attributed to 
the contribution from Co2+ species. Analogous satellite peak due to Co2+, at 3.6-6.5 eV 
above the main Co2p3/2 peak, is also seen in the XPS spectra of MnxCo3-xO4 (x=0-1.0)  
and in Co2+O [33, 34]. The second satellite peak at 788.8 eV in (Fe-Co) and 789.3 eV in 
(Ni-Co) is associated with the Co3+ component. This is well endorsed by the satellite peak 
corresponding to Co3+ at around the same position in MnxCo3-xO4 (x=0-1.0) and Co3O4, 
i.e., at 788.8-789.4 eV and 789.5 eV, respectively. The third satellite peak at 804.0 eV in 
both (Fe-Co) and (Ni-Co) is also seen in the Co 2p spectra of Co2+O, Co2+Co3+2O4 and 
MnxCo3-xO4 (x=0-1.0) and is due to Co2+/Co3+ [33,34]. Thus, the observed BEs of Co 2p 
main and shake-up satellite peaks indicate that Co is present as Co2+ as well as Co3+ in 
(Ni-Co) and (Fe-Co). The tetrahedral and octahedral site occupancy of the ions is not 
clearly delineated from the XPS data. Further studies, namely X-ray absorption near edge 
structure (XANES), extended X-ray absorption fine structure (EXAFS) or XRD-Rietveld 
refinement are needed for a complete description. 
 The Ni 2p3/2 core level XPS spectrum of (Ni-Co) in the BE region, 850-870 eV is 
shown in Fig. 3.5c. The asymmetric curve is deconvoluted to give two curves with BEs at 
854.0 and 855.8 eV. They are attributed to Ni2+ and Ni3+, respectively, located in the 
octahedral sites of the spinel structure [32,35,36]. The shake-up satellite peak centered at 
861.4 eV is due to the contributions from both Ni2+ and Ni3+ ions. The absence of Ni2+ at 
the tetrahedral site in the (Ni-Co) is not evident from the present XPS data, but has been 
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established by the XANES studies carried out on NiCo2O4 by Marco et al. [32]. The BEs 
presently observed match well with those reported by Marco et al. [32] (Table 3.2).   
The XPS spectrum in Fe 2p3/2 region of (Fe-Co) comprised a peak centered at a 
BE of 710.6 eV with a 2p3/2 and 2p1/2 separation (∆) of 13.6 eV (Fig. 3.5d and Table 3.2). 
This value is close to 710.8(± 0.1) eV reported in the spinel, Mn(FexCr2-x)O4 (x=0.5-2.0) 
with the oxidation state of iron as Fe3+[35]. However, this BE value is somewhat lower 
than that of 711.2 eV reported for Fe3+in CoFe2O4 [36]. We may mention that Rietveld 
refinement of XRD data on a powder sample of FeCo2O4 has shown that Fe3+ ions are 
distributed between the tetrahedral and octahedral sites [27].  
The XPS spectra in O 1s region of (Ni-Co) and (Fe-Co) are shown in Figs. 3.5e 
and f, respectively. They comprise a broad asymmetric curve in the BE region, 527-534 
eV. This is deconvoluted into two or three curves, with BEs at 529.0 eV and 530.8 eV for 
(Ni-Co), and 529.6 eV, 531.5 eV and 532.4 eV for (Fe-Co) (Table 3.2). As has already 
been established for the oxide spinels [32-37], the most intense peak at 529.0 eV and 
529.6 eV in (Ni-Co) and (Fe-Co), respectively can be attributed to the lattice oxygen in 
the metal (Ni/Fe/Co)-oxygen framework. The low intensity peak at 530.8/531.5 eV is 
associated with the oxygen in OH- groups which are indicative of the surface 
hydroxylation of the compounds. The origin of the very low intensity peak in the O 1s 
region of (Fe-Co) with a relatively high BE of 532.4 eV is not clear at present and may be 
due to a weakly bound surface oxygen of a contamination species [32,34]. 
Thus, based on the XPS data and the literature reports on (Ni-Co) and (Fe-Co), we 
propose that both  Ni2+/Ni3+ and Co2+/Co3+ ions are present in (Ni-Co), whereas only Fe3+ 
and Co2+/Co3+ ions are present in (Fe-Co). Ni ions are present only at the octahedral site 
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in (Ni-Co) whereas Co and Fe ions are distributed between the tetrahedral and octahedral 
sites in (Fe-Co) and satisfy charge-neutrality condition. However, such a varied cation 
distribution in these well-stoichiometric compounds will have no effect on the 
theoretically achievable charge-discharge capacities for Li-recyclability.  
3.4.3 Galvanostatic Cycling   
Galvanostatic cycling studies were performed on cells comprising (A-Co), A = 
Cu, Fe, Mg, Mn, Ni and Zn as the working electrodes vs. Li at the current rate, 60 mAg-1 
in the voltage window 0.005-3.0 V at ambient temperature (25oC). Cycling was carried 
out up to 25 cycles for (Mn-Co), 50 cycles for (Ni-Co) and (Mg-Co), 75 cycles for (Fe-
Co) and 60 cycles for (Zn-Co). The first -cycle voltage - capacity profiles are shown in 
Figs. 3.6 a,b.  
The open circuit voltages (OCV) of the cells are in the range, 2.5 - 3.0 V. The 
first-discharge (reaction with Li) curves commenced from the OCV to the deep discharge 
limit, 0.005 V. As can be seen, these are made up of mainly two regions viz., large and 
flat voltage plateau region followed by the sloping region. The plateau voltage varies 
from ~1.25V for (Cu-Co), ~1.0V for (Mg-Co) to ~0.9 V for (Fe-Co), (Ni-Co), (Mn-Co) 
and (Zn-Co), and represents a two-phase region. The capacity contribution from the 
plateau region for (Cu-Co), (Fe-Co), (Mn-Co), (Ni-Co) and (Zn-Co) is 830 (±20) mAhg-1 
whereas for (Mg-Co) it is 700 (±10) mAhg-1. These values correspond to 7.4 (±0.1) moles 
of Li per mole of (Fe-Co), (Mn-Co) and (Ni-Co), 7.6 (±0.1) moles of Li per mole of (Cu-
Co) and (Zn-Co), and 5.4 moles of Li per mole of (Mg-Co), respectively. The capacity 
contribution from the sloping region till the end of discharge corresponds to 3.3 (± 0.5) 
moles of Li per mole of (A-Co) (A = Cu, Fe, Mg, Mn, Ni and Zn) (Fig. 3.6). The overall 
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first-discharge capacities along with the corresponding number of moles of Li consumed 
at various cycles are summarized in Table 3.3.  





























Fig. 3.6 The voltage vs. capacity profiles for first discharge-charge cycle of the spinel 
cobaltites, ACo2O4 (A= Cu, Fe, Mg, Mn, Ni and Zn) from the open circuit 
voltage (OCV) to 0.005 V vs. Li. (a) (Cu-Co), (Fe-Co) and (Mg-Co). (b) (Mn-
Co), (Ni-Co) and (Zn-Co). The voltage range is 0.005-3.0 V. Current rate is 60 
mAg-1 (~0.12 C for (Mg-Co) and ~0.1C for all other cobaltites). 
 
The first- charge (extraction of Li ) profiles of all the compounds, from 0.005 to 
3.0 V, show continuous increase in voltage up to ~1.5V followed by broad plateau 
regions in the range, 1.6-2.4 V depending upon the A ion in ACo2O4. The first- charge 
capacities are smaller than the first-discharge capacities. The values (±10) mAhg-1 are:  
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Table 3.3 Theoretical and observed discharge and charge capacities (corresponding 
number of moles of Li per formula unit) for ACo2O4 (A= Cu, Fe, Mg, Mn, Ni and Zn) 
compounds. Galvanostatic cycling in the, voltage range 0.005-3.0 V vs. Li at the current 





Observed discharge(Disch) and charge (Charg) capacities at 
various cycles,  (±10) mAhg-1  (No. of Li per mole of ACo2O4) 
 Compound 

































































































































































































































































(Cu-Co): 828 (7.6 Li);  (Fe-Co): 827 (7.3 Li); (Mg-Co): 736 (5.7 Li); (Mn-Co): 911 (8.0 
Li); (Ni-Co): 930 (8.4 Li); (Zn-Co): 919 (8.5 Li) (Fig. 3.6 and Table 3.3). The difference 
between the discharge and charge capacities corresponds to the first-cycle irreversible 
capacity loss (ICL) of ~ 28 % for (Cu-Co), (Fe-Co) and (Mn-Co), 31% for (Mg-Co), 24% 
for (Ni-Co), and 22 % for (Zn-Co).  
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Range: 0.005-3.0V; 60 mAg-1














Fig. 3.7 The voltage vs. capacity profiles for 2nd – 50th charge-discharge cycle of (a) (Zn-
Co) and (b) (Mg-Co). For clarity, only selected cycles are shown. The voltage 
range and current rate are 0.005-3.0V and 60 mAg-1, respectively.  
 
The capacity vs. voltage profiles for (Zn-Co) and (Mg-Co) for selected cycles 
(from 2-50 cycles) are shown in Figs. 3.7 a and b, respectively. As can be seen, the 
second discharge profiles for both the cobaltites are different from the first discharge 
profiles indicating a different mechanism in operation (discussed later). From 2nd cycle 
onwards, the capacity vs. voltage profiles overlap very well till the 50th cycle, and show 
the excellent reversibility of ZnCo2O4-Li system (Fig. 3.7a). On the other hand, a 
continuous capacity-fading in the range of 2-50th cycles is observed in (Mg-Co) (Fig. 
3.7b). The average charge and discharge reaction potentials for (Zn-Co) and (Mg-Co) are 
~2.0 and ~1.1 V, respectively.  
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The capacity vs. cycle number plots for all the cobaltites are shown in Fig. 3.8.  
Discharge and charge capacities at 1st, 2nd, 25th and 50th cycles are listed in Table 3.3. As 
can be seen, the spinel (Zn-Co) shows the best cycling performance with ~ 98 % of the 
5th cycle charge capacity is retained at the end of 60th cycle. The spinel (Fe-Co) shows 
capacity-fading up to 20 cycles and thereafter the capacity increases gradually up to 50 
cycles and in the range 50-75 cycles, almost stable cycling is realized. On the other hand, 
(Cu-Co) shows small capacity-fading with an average capacity loss of 2 mAhg-1 per 
cycle, in the range of 2-50 cycles. The (Ni-Co) exhibits significant capacity-fading up to 
~30 cycles, but in the range of 30-50 cycles, the rate of decrease is small (4 mAhg-1 per 
cycle). The spinels, (Mg-Co) and (Mn-Co) exhibit extensive capacity-fading on cycling 
and only a capacity corresponding to 1.1 (± 0.2) moles of Li could be reversibly cycled at 
the end of 25 cycles (Fig. 3.8 and Table 3.3). The order of cycling performance, we can 
rate the compounds as: (Zn-Co) > (Fe-Co) > (Cu-Co) > (Ni-Co) > (Mn-Co) ≈ (Mg-Co) 
(Fig. 3.8).  
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Fig. 3.8 Capacity vs. cycle number plots of cobaltites, ACo2O4 in the range, 0.005-
3.0V vs. Li at 60 mAg-1. Filled and open symbols refer to the discharge and 
charge capacities, respectively.  
 
The discharge and charge capacity values, respectively at the 60th cycle are 890 
(±10) mAhg-1 and 880 (±10) mAhg-1 for (Zn-Co) and at the 75th cycle, 754 (±10) mAhg-1 
and 750 (±10) mAhg-1 for (Fe-Co), respectively.  For other cobaltites, the capacity values 
are given in Table 3.3 at various cycles. The current density of 60 mAg-1 is used for 
cycling which corresponds to 0.08 C (assuming 1C = 800 mAg-1) for (Cu-Co), ~0.1C 
(assuming 1C = 650 mAg-1) for (Fe-Co) and (Ni-Co), and 0.07C (1C = 900 mAg-1) for 
(Zn-Co), respectively. The 1C-values are chosen such that they represent either observed 
stable capacity or the first-cycle reversible capacity depending on the A-metal in ACo2O4. 
As defined, 1C-rate corresponds to the capacity deliverable in 1 h. The coulombic 
efficiency between the discharge and charge capacity at the 50th cycle is 96 - 98% for all 
the cobaltites, except (Mn-Co).   
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3.4.4 Cyclic Voltammetry  
To complement the galvanostatic cycling behavior and to better discern the 
charge- and discharge- potentials, the cyclic voltammetry is performed on selected 
cobaltite electrodes in the potential range 0.005-3.0V vs. Li at the slow sweep rate of 58 
µVs-1. The cyclic voltammograms (CVs) from 1-12 cycles for (Cu-Co), (Fe-Co) and (Ni-
Co), and 1-6 cycles for (Zn-Co) are shown in Figs. 3.9a, b, c and d, respectively.  
































































Fig.3.9 Cyclic voltammograms of the spinel cobaltites. (a) CuCo2O4 (Cu-Co), (b) 
FeCo2O4 (Fe-Co), (c) NiCo2O4 (Ni-Co) from 1st to 12th cycles and (d) ZnCo2O4 
(Zn-Co) from 1st -6th cycles. The voltage range and scan rate are 0.005-3.0 V and 
58 µVs-1, respectively. Numbers refer to cycle numbers. 
  
First discharge sweep starting from the OCV (~3.0 V) to deep discharge (0.005V) 
shows a single intense current (cathodic) peak at ~1.0 V and ~ 0.9 V for (Cu-Co) and (Ni-
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Co), and ~0.75V and 0.70V for (Fe-Co) and (Zn-Co), respectively. The first charge 
(anodic) sweeps are smooth up to 1.5 V for all the compounds except (Zn-Co) in which a 
small hump at ~ 0.65V is seen (Fig. 3.9d). Broad anodic (Li-extraction) peaks at ~2.1V in 
(Cu-Co) and (Ni-Co) are seen. In addition, a shoulder at ~2.3 V in (Ni-Co) can be seen. 
The first charge sweep of (Fe-Co) shows two anodic peaks at somewhat lower voltages, 
~1.7 V and ~2.2 V. On the other hand, (Zn-Co) exhibits three anodic peaks at ~1.6 V, 
~1.9 V and ~2.4 V along with a small broad hump at ~0.65 V. The low intensity peaks in 
the charge- cycles are attributed to the capacity spread over the entire charge sweep.  
The second discharge CVs of all the cobaltites are different from the first 
discharge sweep. In (Cu-Co), (Ni-Co) and (Fe-Co), the cathodic current peaks occur at a 
relatively higher voltages, ~1.1V, whereas in (Fe-Co), a doublet peak at ~1.1 and ~1.2 V 
are seen (Fig. 3.9b). Such a variance in the first and second discharge CVs is attributed to 
different electrochemical processes governing the Li-insertion-de-insertion (discussed 
later). The second charge- sweeps in all the coblatites almost overlap with that of the 
respective first-charge CV, except that the peaks are slightly broadened and shifted 
towards higher potentials. In (Ni-Co), the second anodic peak became prominent at ~2.3 
V. In (Fe-Co), the second anodic peak is broadened and shifted slightly towards the 
higher potential side. The subsequent discharge- and charge- curves almost overlap each 
other indicating good electrochemical cyclability of cobaltites. The positions of plateau 
potentials in the galvanostatic voltage-capacity profiles (Figs. 3.6 and 3.7) match well 
with the CV peak positions. The average charge- and discharge- potentials for all the 
cobaltites are ~2.0 V and ~1.1 V, respectively. Thus, the CV data complement the 
galvanostatic cycling studies. 
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3.4.5 Ex-situ -TEM and -SAED Studies 
  To investigate the nature of the products formed upon fully charging the 
electrodes (to 3.0 V), ex-situ HR-TEM along with SAED studies were performed on the  
 
  
Fig. 3.10 Ex-situ TEM of the charged electrodes (at 3.0V after 50 charge-discharge 
cycles). The lattice images (a, c, e and g) and SAED pattern (b, d, f and h) of (Cu-
Co), (Fe-Co), (Ni-Co) and (Zn-Co), respectively are shown. In the lattice images, 
the double arrows (↔) indicate the crystalline nano-phase regions. The lattice 
spacings (d–values) obtained from the patterns are assigned to the different Miller 
indices of CuO/FeO/NiO/ZnO and Co3O4. The values are listed in Table 3.4.  
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(Cu-Co), (Fe-Co), (Ni-Co) and (Zn-Co) electrodes recovered from the cells after 50 
cycles. The lattice images and SAED patterns are shown in Fig. 3.10.  
The HR-TEM lattice images (Figs. 3.10 a, c, e and g) are qualitatively similar and 
are comprised of nano-crystalline regions (~3-5 nm) dispersed in the amorphous regions. 
Some of the crystalline regions are shown as double arrow and marked as 1, 2, 3 and 4. 
The derived interplanar spacings (d-values) corresponding to these regions are 
summarized in Table 3.4 and are found to be comparable with the d-spacings of the 
Miller indices of CuO, FeO, NiO, ZnO and Co3O4. 
Figs. 3.10b, d, f and h show the SAED patterns of (Cu-Co), (Fe-Co) (Ni-Co) and 
(Zn-Co), respectively of the charged-electrodes. As can be seen, the diffuse spots are 
superimposed on concentric rings which indicate the dispersion of nano-crystallites in an 
amorphous matrix.  The interplanar distances (d-values) are derived by measuring the 
distance between the symmetrically spaced bright spots/rings about the center and are 
assigned to the Miller indices of AO (A = Cu, Fe, Ni, Zn) and Co3O4. The values 
obtained from the lattice images and SAED data are in close agreement (Table 3.4). On 
the basis of ex-situ TEM studies, we conclude that the metal oxides formed in the 
charged electrode are nano-size CuO and Co3O4 for (Cu-Co), FeO and Co3O4 for (Fe-
Co), NiO and Co3O4 for (Ni-Co) and ZnO and Co3O4 for (Zn-Co), and the re-formation 






Table 3.4 Comparison of the interplanar spacings (d-values) derived from HR-TEM 
lattice images (Figs. 8 a, c, e and g) and SAED patterns (Figs. 8 b, d, f and h) of the 
charged- electrode (3.0 V; after 50 cycles) of cobaltites with the literature data on AO (A 
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3.4.6 Reaction Mechanism 
 On the basis of the galvanostatic cycling capacity values, CV studies, ex-situ 
TEM, and similarity in the cycling behavior of the presently studied cobaltites, the 
following reaction mechanism can be proposed (Eqns. 3.1-3.6). The first-discharge 
reaction of Li with the ACo2O4 involves the amorphisation of the lattice (irreversible 
crystal structure destruction) followed by the reduction of metal ions and the formation of 
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nano-size A-metal particles and Li2O, except when A= Mg (Eqns. 3.1 and 3.2). Mg ions 
are not reduced to Mg0 due to the high bond energies of MgO [38,39]. In the case of 
ZnCo2O4, the in-situ formed Zn nano-particles react with the Li and form alloy, LiZn 
during deep discharge to the 0.005V as per forward reaction of Eqn. 3.3.  
ACo2O4 + 8Li+ + 8e- (electron) → A + 2Co + 4Li2O ( A = Cu,Fe,Mn,Ni and  Zn) --- (3.1)                         
 ACo2O4 + 6Li+ + 6e-  →  AO + 2Co + 3Li2O ( A= Mg)                                         --- (3.2) 
 Zn +Li+ + e-  ↔ LiZn                                                                                              --- (3.3) 
 A + Li2O  ↔ AO + 2 Li++ 2 e-      (A ≠ Mg)                                                         --- (3.4) 
 2Co + 2Li2O ↔ 2CoO + 4Li+ + 4e-                                                                      --- (3.5)       
 2CoO + (2/3)Li2O ↔ (2/3)Co3O4 + (4/3)Li+ + (4/3)e-                                          --- (3.6)                          
In the subsequent charge- reaction (Li-extraction), the de-alloying of (LiZn) 
occurs at ≤ 1.0V, which gives Zn metal (reverse reaction of Eqn. 3.3). Further increase in 
voltage will cause metal nano-particles to react with the Li2O to form the metal oxides as 
per the forward reaction of Eqns. (3.4-3.6). MgO does not participate in the subsequent 
electrochemical cycling and remains as an inactive ‘matrix’ species. The formation of 
Co3O4, i.e., oxidation of Co2+↔ Co3+ as the final-charge reaction product is envisaged on 
the basis of the observed capacity values and is supported by ex-situ TEM studies (Tables 
3.3 and 3.4, and Fig. 3.10). In the literature, a similar mechanism has been proposed for 
Co3O4 [14,15,18,28]. However, we note that Fe0 oxidizes to only Fe2+. This is also in 
agreement with the literature reports on the Li –cyclability of nano-flake Fe2O3 [40] and 
Ca2Fe2O5 [41]. It must be mentioned that in some reports, the oxidation of Fe2+ to Fe3+ to 
give Fe2O3 was also observed in contributing to the reversible capacity [42,43].  Due to 
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the nano-particle nature of the products of Eqns. (3.1) and (3.2), reversible reactions of 
Eqns. (3.3) to (3.6) contribute to the reversible capacity and Li-cycling property.  
On the basis of Eqns. (3.1-3.3), 8.0 moles of Li per mole of ACo2O4 are expected 
to participate in the electrochemical reaction when A = Cu, Fe, Mn and Ni, whereas 6.0 
moles of Li when A= Mg, and 9.0 moles of Li when A = Zn during the first- discharge 
process. The observed capacities, however, are higher than the above theoretical values 
by 2.7 (± 0.5) moles for A = Cu, Fe, Mg, Mn and Ni, 1.9 moles of Li for A = Zn (Table 
3.3 and Fig. 3.6). As discussed earlier, the voltage plateau regions in the galvanostatic 
cycling profiles (Fig. 3.6) correspond to capacity values equivalent to 7.5 (±0.2) moles of 
Li for all the coblatites except (Mg-Co) in which 5.4 moles of Li are consumed. The 
sloping region (~ 0.9 V to 0.005 V) corresponds to a consumption of 2.8 (± 0.1) moles of 
Li for (Cu-Co), (Fe-Co) and (Mg-Co), 3.2 (±0.2) moles of Li for (Ni-Co) and (Zn-Co), 
and a slightly higher value of 3.8 moles of Li for (Mn-Co). The extra consumption of Li 
ions are partly due to the formation of solid-electrolyte interphase (SEI) and partly to the 
polymeric gel-type layer on the metal nano-particles, upon deep discharge to 0.005 V, by 
the decomposition of the solvents of the electrolyte [1,40,41,44,45].  
The SEI formation can be realized more easily if nano-sized active materials are 
used due to their high surface area and thereby high reactivity with electrolyte [1,5,6]. For 
(Cu-Co), (Fe-Co) and (Zn-Co), the observed first-charge capacities are almost identical to 
the expected theoretical values (Table 3.3). On the other hand, slightly higher values of Li 
for (Mg-Co),(Ni-Co) and (Mn-Co) than those expected are obtained during the first-
charge (Table 3.3 and Fig. 3.6). It is possible that in the above three systems, either Co-
ions and/or A (= Mn and Ni) ions go to an oxidation state of 3+, yielding the excess 
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capacity over and above those given by Eqns. (3.4)-(3.6). In addition, dissolution of 
polymeric-gel type layer at voltages >2.5 V may also contribute to the charge-capacity 
[45]. The qualitatively similar first charge- and discharge- voltage profiles of all the 
cobaltites and the CVs of (A-Co), A = Cu, Fe, Ni and Zn show the similar underlying 
electrochemical processes during charge- discharge cycling (Figs. 3.6 and 3.9). 
     On the basis of the proposed reaction mechanism (Eqns. 3.3-3.5), the peaks observed 
in the CVs of Fig. 3.9 can be explained.  During first discharge, the intense cathodic peak 
is attributed to the crystal structure destruction or amorphization of the lattice and the 
formation of metal nano-particles of Cu, Fe, Ni and Zn embedded in the Li2O matrix for 
(Cu-Co), (Fe-Co), (Ni-Co) and (Zn-Co), respectively. Further, in case of Zn-Co, the in-
situ formed Zn metal reacts with Li and form LiZn alloy which is depicted by broad peak 
at ~0.3V as per the forward reaction of Eqn. 3.3 [12,42,46]. The broad anodic peak in 
(Cu-Co) in the range of 2.0-2.3V, can be assigned to the oxidation of Cu and Co to 
respective oxides (CuO and Co3O4). In the case of (Ni-Co), the first peak at ~2.1 V is 
ascribed to the oxidation of Co0 and Ni0 to Co2+ and Ni2+, respectively (Eqns. 3.4-3.5) 
[13,41], and the peak at ~2.3 V is ascribed to the further oxidation of Co2+ to Co3+ ion 
(Eqn. 3.6 and Fig. 3.9c) [28]. In the case of (Fe-Co), the peak at ~1.7 V is attributed to 
the oxidation of Fe0 to Fe2+ [13,41] and the broad peak in the range of 1.8- 2.3V is 
ascribed to the oxidation of Co0 ↔Co2+↔Co3+ ions (Fig. 3.9b; Eqns. 3.5, 3.6) [13-
15,18,28,47]. In the case of (Zn-Co), a broad anodic hump at ~ 0.65V and three anodic 
peaks at ~1.6V, ~1.9V and ~ 2.4V are attributed to the decomposition of alloy, and 
oxidation of Zn metal to Zn2+, Co to Co2+ and Co2+ to Co3+, respectively (Fig. 3.9d).    
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The cathodic peak in the range of 1.0-1.2 V during the 2nd discharge cycle in all 
the cobaltites are attributed to the Cu, Co, Ni and Zn metal formation (reverse reaction of 
Eqns. 3.3-3.6). In the case of (Fe-Co), the cathodic doublet peak at ~1.2 and ~1.0 V is 
ascribed to the formation of Co0 and Fe0 from the Co3O4 and FeO, respectively. The 
reversible discharge- and charge- reactions take place as a result of ‘conversion’ reactions 
in NiO/FeO/CuO/ZnO and Co3O4 with Li2O occurring at around these potentials. The 
observed oxidation and reduction potentials of (Cu-Co), (Fe-Co), (Ni-Co) and (Zn-Co) 
match well with those observed in NiO [13], Co3O4 [28], nano-flake Fe2O3 [40], 
Ca2Fe2O5 and Ca2Co2O5 [41].  
The overall Li-cycling behavior of the cobaltites, ACo2O4, show that the (Mg-Co) 
and (Mn-Co) exhibit drastic capacity-fading. Scope exists for improving the cycling 
response of (Ni-Co) that showed only 64% capacity retention after 50 cycles. The (Cu-
Co) also displayed capacity degradation at the rate of 2 mAhg-1 per cycle in the range of 
5-50 cycles. The best Li-cycling performance was noted with (Zn-Co), displaying 98% of 
the 5th cycle reversible capacity at the end of 60 cycles. We note that although (Fe-Co) is 
comprised of sub-micron particle morphology, it gave good electrochemical cycling 
response, retaining 90% of the first- charge capacity after 50 cycles. However, due to the 
sub-micron size of the particles of the as-prepared (Fe-Co), the initial inter-particle 
electronic conductivity between the particles may be poor and thus the observed 
reversible capacity showed an initial degradation up to 20 cycles. An electrochemical 
behavior, similar to the (Fe-Co) has been observed in the literature on the cycling 
behavior of several mixed oxides like, LixMVO4, M = Ni, Co, Zn and Cd [48] and nano-
flake Fe2O3 [40], where the capacity degrades during the first few cycles and later, the 
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value starts increasing. Therefore, the first few cycles can be considered as ‘formatting’ 
or ‘formation’ cycles during which the electrode becomes more homogeneous towards 
the ‘conversion’ reaction leading to improved cycling response in the subsequent cycles. 
Although all the compounds possess the cubic spinel structure, it is clear that their 
electrochemical cycling responses differ. This is due to the nature of the counter metal 
ion (Cu, Fe, Mg, Mn, Ni or Zn) in conjunction with the Co ions. Therefore, it is 
concluded that a good combination as regards to achieving the high reversible capacities 
and stable cycling is that of Zn and Co in ZnCo2O4 in which both Zn- and Co- ions act as 
mutual beneficial matrices and reversible capacity contribution of Zn through both alloy 
formation and ‘conversion’ reaction takes place to yield stable and high capacities (Table 
3.3).  
In the present study, the effect of counter matrix ion (Cu, Fe, Mg, Mn, Ni and Zn) 
on the Li-cycling performance of Co-ions and vice versa is clearly revealed. It is noted 
that binary ZnO shows poor Li-cyclability. The underlying cause is known to be due to 
unit cell volume variation occurring during charge- and discharge- cycling in which 
‘Li2O’ as matrix is incapable to buffer. Presence of Co-nano-particles in Li2O matrix 
appears to be successful in buffering the volume changes in the electrode due to the 
reaction of Eqn. (3.3). Similarly, Zn/ZnO redox couple also seems to work as a good 
matrix for Co/Co-oxide redox couple. The average charge potential for CuO was found to 
be 2.5V [49], whereas, in the ternary (Cu-Co), it occurred at relatively lower potential, ~ 
2.1V which shows the effect of the presence of Co-ions and the crystal structure of the 
starting compound.   
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3.4.7 Rate Capability of (Zn-Co) and (Cu-Co) 
The encouraging galvanostatic cycling behavior, supported by the CV studies, and 
the observed high- and stable capacity of ZnCo2O4 and CuCo2O4 encouraged us to study 
the rate capability using various current densities under ambient temperature conditions 
in the voltage range, 0.005-3.0 V. The specific current was increased in steps after every 
8-10 cycles from 0.125C to 0.94C (1C = 800 mAg-1) for (Cu-Co) and 0.1C to 0.7C (1C = 
900 mAg-1) for (Zn-Co) and then decreased in steps up to 0.03 C. The 1C rates are chosen 
based on the observed first-cycle reversible capacities of the compounds. The results in 
the form of capacity vs. cycle number plot are shown in Fig. 3.11a and b for (Cu-Co) and 
(Zn-Co), respectively. As anticipated, the capacity decreases with increasing C-rate from 
a value of 825 mAhg-1 at 0.13 C to 380 mAhg-1 upon increasing the current rate by 7.5 
times (0.94C) for (Cu-Co). In the case of (Zn-Co), the capacity decreases from the value 
of 900 mAhg-1 at 0.1C to 400 mAhg-1 at 0.7C. Upon decreasing the current from 0.94C 
and 0.7C to initial value ~0.1C, greater than 83% of the initial capacity at 0.1C was 
recovered. At each C–rate, the capacity is fairly stable (Fig. 3.11). It can be concluded 
that the spinels (Cu-Co) and (Zn-Co) exhibit good rate- capability at ambient 
temperature. 
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Fig. 3.11 Capacity vs. cycle number plots of (a) CuCo2O4 (Cu-Co) and (b) ZnCo2O4 (Zn-
Co) at various current rates at ambient temperature (25oC) in the range of 0.005-
3.0V. The C-values are calculated by assuming 1 C = 800 mAg-1 for (Cu-Co) 
and 900 mAg-1 for (Zn-Co). Filled and open symbols represent the discharge and 
charge capacities. 
 
3.4.8 Impedance Spectral Studies on (Fe-Co)  
Impedance measurements on the cells discharged/charged to various voltages can 
give information on the factors responsible for capacity-degradation or otherwise of an 
electrode material. Strictly speaking, the impedance spectral analysis is applicable in 
cases where Li-insertion/extraction occurs in a single phase (e.g., LiCoO2 cathode), but 
several studies have been reported on oxides where the above process occurs in two-
phase regions, like, Co3O4 [15,47,50], Ca2Co2O5 [41] and LiFePO4 [51,52] and the results 
were interpreted. Presently, impedance measurements were carried out on the cell with 
(Fe-Co) as the working electrode at selected voltages in the range 0.005-3.0 V vs. Li, 
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during the first discharge- and charge- cycle, and also in the charged-state (3.0 V) at the 
end of 10th cycle. The cell was discharged or charged to fixed selected voltages under the 
galvanostatic conditions at 60 mAg-1, maintained at that voltage for 2 h (for the current to 
decay to very low value) and the impedance was measured. The data are presented in the 
form of Nyquist plots (Z′ vs. -Z′′, where Z′ and Z′′ are the real and imaginary parts of 
complex impedance) (Figs. 3.12a and b). The symbols in Figs. 3.12a and b are the 
experimental data points. The latter were analyzed by fitting with an equivalent electrical 
circuit consisting of resistors and capacitors shown in Fig. 3.12 c, similar to that 
employed for the analysis of data on other oxide electrodes in the literature [15,41,47]. 
The circuit elements are: electrolyte resistance (Re), the inseparable surface film (sf) and 
charge transfer (ct) impedance (R(sf+ct) and CPE(sf+dl)(dl: double layer)), the bulk 
impedance (Rb and CPEb) and the Warburg impedance (W). The constant phase elements 
(CPE’s) are used instead of pure capacitors due to the occurrence of depressed semi-
circles in the spectra, which is an indication of deviation from the ideal electrode 
behavior. The fitted data are represented as continuous lines in the Nyquist plots of Figs. 
3.12a,b. Reasonable overlap of the fitted curve with the experimental data corroborates 
good fitting except at high and low frequencies.  
Results showed that the electrolyte resistance (Re) remained almost constant at 3.8 
(±0.6)Ω irrespective of the depth of discharge or charge and the cycle number. The R(sf+ct) 
and Rb and the associated CPE(sf+dl) and CPEb, respectively, vary upon cycling. The 
Nyquist plot of the fresh cell (under OCV) comprises a depressed semi-circle followed by 
Warburg-type behaviour at low frequencies (<10 mHz). This is attributed to the surface 
film impedance and the value, as per fitting is, Rsf = 240 (± 5)Ω with the associated CPEsf 
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= 1.6 (± 0.1)µF. It is well known that surface film formation occurs the moment the 
electrode comes in contact with the electrolyte and with the passage of time it grows [11, 
53,54]. At this stage, its main constituent is the salt present in the electrolyte. Upon 
electrochemical cycling, the composition of surface film changes with the change in disc- 
 
Fig. 3.12 Family of Nyquist plots (Z′ vs. -Z″) for the cell with FeCo2O4 (Fe-Co) as 
cathode at different voltages vs. Li. Electrode area is 2 cm2. (a) During the first-
discharge reaction from the open circuit voltage (~ 2.8 V) to 0.005 V. (b) During 
the first-charge reaction from 0.005 V to 3.0 V, and after 10 cycles at 3.0 V. 
Stabilized cell voltages, after 2 h-stand are shown. Select frequencies in the 
impedance spectra are shown. Symbols represent the experimental data points. 
Continuous lines show fitting using equivalent circuit (c). Different resistances, Ri 
and /or Ri⎜⎜CPEi (i = e, (sf+ct), (sf+dl) and b) components and the Warburg 
element (W) are shown.  
 
harge- or charge- reaction potential. In addition, solid electrolyte interphase (SEI) 
formation/partial dissolution/re-formation also takes place on cycling. This is reflected in 
the changes in the value of surface film impedance (Rsf) upon cycling. Detailed studies on 
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the evolution and nature of surface film and SEI on electrodes, like, SnO, graphite and 
metallic Li can be found in Ref. [11,53,54]. 
The impedance spectra at 2.0 and 1.5 V consist of a single semicircle except for 
some minor differences in the low frequency region. At this stage, the total impedance is 
made up of contributions from the surface film (Rsf) and charge transfer (Rct), but these 
could not be separated due to the observation of a single semicircle in the spectra. At 1.0 
V, noticeable change in the spectrum was observed in that two semicircles are clearly 
seen (Fig. 3.12). The first semi-circle is attributed to the combined surface film and 
charge transfer impedance, with the fitted values, R(sf+ct)=151 (± 5) Ω and CPE(sf+dl) = 12 
(± 0.5) µF. The existence of the second semicircle implies that the bulk impedance has 
developed and the fitted value of Rb = 82 (± 5) Ω (CPEb=3.3 (± 0.05) mF). This is in tune 
with the observed galvanostatic cycling and CV data which indicate that the crystal 
structure destruction (amorphisation) and metal nano-particle formation take place at ~1.0 
V (Figs. 3.6 and 3.9). Upon further discharge to 0.5 V and 0.1 V, the first semi-circle is 
no longer depressed (touches the Z'-axis), its diameter reduces enormously, and the 
second semi-circle disappears. This indicates significant decrease in the impedance 
values: At 0.5 V and 0.1V, the R(sf+ct) is 56 (+ 5) Ω (CPE(sf+dl)=16 (+ 0.5) µF) and the bulk 
impedance (Rb) has been reduced to negligible values. The almost zero bulk impedance 
can be ascribed to the formation of electronically-conducting nano-metal particles of Fe 
and Co in a matrix of Li2O in accordance with Eqn. 3.1. At 0.005 V, however, the R(sf+ct) 
increases slightly to 67 (± 5) Ω (CPE(sf+dl)=14.7 (± 0.5) µF). The slight increase can be 
attributed possibly to the formation of polymeric gel-type layer on the metal nano-
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particles upon deep discharge (reaction with Li), as a result of electrolyte-solvent 
decomposition [41].    
As expected, the Nyquist plots of the first- charge cycle at various voltages differ 
significantly from those of the first- discharge cycle, since the mechanism of first-charge 
reaction is different from the first-discharge reaction (Figs. 3.6, 3.9 and 3.12).  The R(sf+ct) 
at 0.5 V is 23 (± 5) Ω (CPE(sf+dl)= 133 (± 0.5) µF). This value increased slightly when the 
electrode is charged to 2.0 V vs. Li. The R(sf+ct) is 27.5 (± 1.5) Ω with CPE(sf+dl)= 115 (± 
15) µF between 1.0-2.0 V. As can be seen in Fig. 3.12b, in the voltage range, 2.5-3.0 V, 
the R(sf+ct) increased slowly and the second semi-circle, due to the bulk impedance (Rb) is 
now barely discernible. The latter can be ascribed to the formation of more and more of 
metal oxides from the Co- and Fe- metal nano-particles through the ‘conversion reaction’, 
Eqns. (3.4-3.6), and these metal oxides are electronically insulating. Also, above 2.0 V, 
the partial dissolution of polymeric gel-type layer takes place causing the surface film 
impedance to decrease, but the charge transfer impedance increases due to an increase in 
the bulk impedance. Thus, the cumulative effect of these two processes is an overall slow 
increase in the R(sf+ct). At 3.0 V, the fitted values of R(sf+ct) and Rb are 38(±5)Ω  (CPEsf+dl= 
77 (± 0.5)µF) and 92(± 5)Ω (CPEb=1.5 (± 0.1) mF), respectively. 
The Nyquist plot in the charged-state (at 3.0V) after 10 charge-discharge cycles is 
shown in Fig. 3.12b. As can be seen, there is a qualitative resemblance to that of the first- 
charge cycle spectrum at 3.0 V. The impedance parameters are, R(sf+ct) =32(± 5)Ω  
(CPE(sf+ct)= 120 (± 10)µF) and Rb =60(± 5)Ω (CPEb=3.0 (± 0.1) mF). These impedance 
values are smaller (and the CPEs are larger) than those observed at the end of the first-
charge cycle. This indicates that the ‘formation’ of the electrode process is more or less 
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complete and the reversible reactions of Eqns. (3.4-3.6) do contribute to the capacity. 
Thus, we conclude that the impedance studies are in tune with the galvanostatic cycling 
and CV results on (Fe-Co). 
  3.5 Conclusions 
Spinel cobaltites, ACo2O4 (A = Cu, Fe, Mg, Mn, Ni and Zn) have been 
investigated for their Li-cyclability. They have been synthesized by the urea combustion 
or oxalate decomposition methods. Except FeCo2O4 (Fe-Co) which is sub-micro-
crystalline, all other (A-Co) have been obtained as nano-phase oxides. They were 
characterized by XRD, SEM, HR-TEM, and SAED and, in some cases, by XPS. 
Galvanostatic charge-discharge cyclings at 60 mAg-1 (~0.1 C-rate), in the voltage range, 
0.005-3.0 V vs. Li metal for long-term cycling, are carried out. Cyclic voltammetry 
studies were also carried out at ambient temperature. Amorphisation (crystal structure 
destruction) occurs during the first-discharge reaction with Li, followed by the formation 
of Cu/Fe/Mn/Ni/Zn and Co metal nano-particles and Li2O in the case of (Cu-Co), (Fe-
Co),  (Ni-Co) and (Zn-Co) (Eqn. 3.1). In the case of (Mg-Co), MgO formation occurs 
(Eqn. 3.2).  In the case of (Zn-Co), the in-situ formed Zn metal particles react with Li to 
form alloy, LiZn (Eqn. 3.3). Subsequent charge-discharge cycling involves alloying-de-
alloying reaction of Zn (Eqn. 3.3) and conversion reactions of Cu/Fe/Mn/Ni/Zn and Co 
with Li2O that contribute to the reversible capacity (Eqns. 3.4-3.6). The first- charge 
capacities (±10) mAhg-1 are:  (Cu-Co): 828 (7.6 moles of Li per mole of (Cu-Co)); (Fe-
Co):  827 (7.3 Li); (Mg-Co): 736 (5.7 Li); (Mn-Co): 911 (8.0 Li); (Ni-Co): 930 (8.4 Li) 
and (Zn-Co): 919 (8.5 Li).  
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The compounds (Mg-Co) and (Mn-Co) showed extensive capacity- fading in the 
range, 2-25 cycles and only retained 0.9 and 1.2 moles of recyclable Li at the end of 25th 
cycle. Slow degradation of the capacity was noted in (Ni-Co) in the range of 2-30 cycles, 
with 64 % capacity retention after 50 cycles (5.4 moles of Li). Nominal capacity fading 
of 2 mAhg-1 per cycle was noted with (Cu-Co) in the range of 2-50 cycles. The 
performance of (Fe-Co) is better and 90% of the first- charge capacity was retained after 
75 cycles corresponding to 6.6 moles of Li. In the case of (Fe-Co), which is sub-micro-
crystalline, there is a decrease in the reversible capacity during the 2-20 cycles, after 
which the capacity continuously increases up to 50 cycles. This peculiar behavior has 
been attributed to the extended range of the ‘formation’ or ‘formatting’ of the electrode, 
usually encountered in the bulk oxides materials.  
The best Li-cycling performance is observed in (Zn-Co) which displayed a high 
and stable capacity of 900(±10) mAhg-1 corresponding to 8.3 moles of Li per mole of 
(Zn-Co) vs. theoretical 8.33 moles of Li. This is attributed to the ability of both Zn- and 
Co- ions acting as mutual beneficial matrices for the ‘conversion’ reaction and the 
reversible capacity contribution of Zn through alloying-de-alloying reaction. Results 
showed that not only the particle size and morphology, but also the counter matrix 
element is important to achieve stable and high capacity. Submicron sized-(Fe-Co) 
exhibited quite good cycling performance as compared to the (Mg-Co) in spite of its 
needle-shape morphology and urea combustion derived (Mn-Co). The order of cycling 
response is: (Zn-Co) > (Fe-Co) > (Cu-Co) > (Ni-Co) > (Mn-Co) ≈ (Mg-Co). The CV data 
show that the average discharge and charge reaction potentials of ~1.1 V and ~2.0 V, 
respectively and complement the observed galvanostatic results. Impedance spectral data, 
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measured on (Fe-Co) during the 1st cycle at various voltages and in the charged- state 
after 10 cycles, have been fitted to an equivalent circuit and the relevant parameters were 
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Li-storage and cyclability of spinel ferrites, AFe2O4 (A = Cd and 
Zn) as anodes for Li-ion batteries* 
 
4.1 Abstract 
 The cubic- CdFe2O4 and ZnFe2O4 with the normal spinel structures are prepared by 
the urea combustion synthesis followed by heating in air at 900oC for 6 h. The X-ray 
diffraction (XRD) and high resolution transmission electron microscope (HR-TEM) 
studies confirm their single-phase nature with particle size in the range, 100-300 nm. XPS 
data on ZnFe2O4 are given. Stable and reversible capacities of 810(±10) and 615(±10) 
mAhg-1 are obtained when cycled in the range, 0.005-3.0 V vs. Li at a current rate of 60 
mAg-1 (~0.07C) between 10-60  and 10-50 cycles for CdFe2O4 and ZnFe2O4, 
respectively. The observed capacities correspond to 8.7 and 5.5 moles of Li per mole of 
CdFe2O4 and ZnFe2O4, respectively. Rate capability of CdFe2O4 has also been examined 
up to 1.4 C (1C = 840 mAg-1). At the current rate of 1.4C, a stable capacity of 450(±10) 
mAhg-1 is obtained. In the range of 1-15 cycles, cyclic voltammetry data show that the 
average discharge- and charge- potentials are ~0.9V and ~1.6V for ZnFe2O4 and ~0.9V 
and ~2.1V for CdFe2O4, respectively. The underlying reaction mechanism that governs 
the observed reversible capacity is shown to be the combination of ‘alloying-de-alloying’ 
and ‘conversion’ reactions of ‘LiZn-Fe-Li2O and Li3Cd-Fe-Li2O composites’. Ex-situ -
XRD, -HR-TEM and -SAED data on the charged-electrode after several charge-discharge  
*Work described in this Chapter has been published / presented in the following journals 
/ conference:  
1. Electrochim. Acta 53(2008), 2380-2385;  
2. Bull. Mater. Sci. 32 (2009), 295-304;  
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Singapore. 
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cycles support the proposed reaction mechanism. Electrochemical impedance 
spectroscopy (EIS) data are obtained for CdFe2O4 during the 1st cycle. The variation in 
the extracted impedance parameters as a function of cell voltage is analyzed and 
discussed.  
4.2 Introduction 
Rechargeable lithium-ion batteries (LIBs), comprising LiCoO2 as cathode, 
speciality graphite as anode and LiPF6 dissolved in non aqueous solvents as electrolyte 
are popular dc power sources for portable electronic appliances such as laptop computers, 
mobile phones and camcorders [1-5]. However, although a commercial product, the LIB 
is still the object of intense research and development [1-6]. Energy and power densities, 
long term cyclability, safety and cost are some of the parameters which have to be 
improved in order to find their application in hybrid/electric vehicles, power tools and 
stationary back-up power supplies [1,3,6]. Many of the above parameters significantly 
depend upon the intrinsic and extrinsic nature of the electrode materials (cathode and 
anode). 
Sn and Co-based oxides have been investigated and proposed as prospective LIBs 
anode material due to their ability to deliver high (almost 2-3 times the graphite) and 
stable capacity [7-16]. Considerable attention has been paid to the study of Co3O4 as LIB 
anode [15-17]. For example, Kang et al. [15] showed that Co3O4 delivers a stable 
capacity, 700 mAhg-1 at least up to 100 cycles.  Nevertheless, the toxic and expensive Co, 
and high charge potential ~2.0V are some of the factors of concern regarding its viability 
as LIB anode [15-17]. We have investigated spinel-structured cobaltites, ACo2O4, A = 
Cu, Fe, Mg, Mn, Ni and Zn [11-13] and detailed results have been described and 
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discussed in Chapter 3. The nano-ZnCo2O4 which contains metal cations which can 
undergo Li-cycling via both alloying-de-alloying and conversion reaction, shows a high 
and stable capacity of 900 (±10) mAhg-1 in the range of 5–60 cycles and ranks among the 
best metal oxides for Li-cyclability [13]. 
Relatively cheap and environment-friendly oxide materials, based on iron (Fe) 
with varied morphology and crystal structures such as nano-Fe2O3 [18-20], nano-tube 
Fe2O3 [21], nano-rod Fe3O4 [22] and FePO4 [23] received considerable attention in recent 
years due to their high capacity and relatively low charge potential ~1.6V as compared to 
the Co-based compounds (Chapter 3). By keeping in mind the novel strategy of 
employing alloying-de-alloying and conversion reactions for achieving high and stable 
capacity, the above mentioned merits of Fe-based oxides, and as part of a comprehensive 
program of work on the suitability of metal oxides with the spinel structure, A[B2]O4 (A 
and B are metals) as prospective anodes for LIBs, we have synthesized the iso-structural 
Fe-based spinels, CdFe2O4 and ZnFe2O4, and their Li-storage and recyclability properties 
are examined. Since Cd and Zn can form the alloys, Li3Cd [24] and LiZn [13,25], and can 
also participate in ‘conversion reaction’ (ZnO/CdO + 2Li ↔ Zn/Cd + Li2O) [13,25,26] 
along with Fe [12, 18-22], we can expect a reversible capacity corresponding to 9.0 and 
7.0 moles of Li per mole of CdFe2O4 and ZnFe2O4, respectively. Results show that 
capacities of 810 (± 10) mAhg-1 and 615 (± 10) mAhg-1 corresponding to 8.7 moles and 
5.5 moles of Li per mole of CdFe2O4 and  ZnFe2O4 stable at least up to 50 cycles are 
achieved, respectively. On the basis of observed capacity values, plateau potentials seen 
in voltage capacity profiles and peaks in cyclic voltammetry, and ex-situ -XRD, -TEM 
and -SAED results, a plausible reaction mechanism is proposed.  
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4.3 Experimental 
Urea combustion method [13,27,28] is employed to prepare ferrites, CdFe2O4 and 
ZnFe2O4. The raw materials, cadmium chloride, CdCl2.H2O (0.02M; Merck; >99%), 
NaOH (0.04M; Merck; >98%) and Fe-oxalate.2H2O (Aldrich; >98%) are used to prepare 
CdFe2O4. Firstly, the CdCl2 was converted to the hydroxide, Cd(OH)2 by aqueous 
precipitation with NaOH. It was filtered, washed with de-ionized water and then dried at 
80oC for 12 h. The freshly prepared Cd(OH)2 (0.022M) and iron oxalate (0.044 M) were 
dissolved separately in minimum amount of conc. HNO3. These nitrate solutions were 
mixed and kept at 80oC for 1 h with continuous stirring.  Urea (0.132M; Aldrich: >99%) 
was added to the solution and heated slowly at 80-90oC for 12 h to evaporate the water. 
The dried powder was ground thoroughly using a mechanical grinder and calcined in air 
first at 400oC for 6 h and then at 900oC for 6 h. After cooling to room temperature, the 
powder was recovered, ground and kept in a desiccator. Similar procedure was adopted to 
prepare ZnFe2O4 using ZnCl2 (0.032M; Merck >98%), iron oxalate (0.064M) and urea 
(0.192 M) except that the ZnCl2 was dissolved in conc. HNO3.    
Structural and morphological characterizations were carried out using X-ray 
diffraction (XRD) (Siemens D5005 or Philips, Expert diffractometer equipped with CuKα 
radiation) and high resolution transmission electron microscope (HR-TEM) (JEOL JEM 
3010 operating at 300 kV). HR-TEM images have been recorded on the bare-CdFe2O4 
and -ZnFe2O4 powders and on the composite electrodes recovered after 50 charge- 
discharge cycles. Selected area electron diffraction (SAED) patterns have also been 
recorded for the recovered composite electrodes. X-ray photoelectron spectra (XPS) were 
recorded on the vacuum dried ZnFe2O4 powder using VG Scientific ESCA MK II 
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spectrometer, operated in the fixed analyzer transmission mode with pass energy of 20 
eV, using Mg Kα radiation (hν=1253.6 eV). The raw spectra were curve-fitted by non-
linear least squares fittings with a Gauss-Lorentz ratio (60:40) using the XPSpeak fit 
software, and the binding energies (BEs) were evaluated using C 1s spectrum (BE = 
284.6 eV) as reference and are accurate to ±0.1 eV.  
The composite electrode is fabricated on to a Cu-current collector with the 
composition: active materials (CdFe2O4 or ZnFe2O4) : binder (Kynar 2801): Super P carbon 
in the weight ratio of 70:15:15. The Li metal (Kyokuto Metal Co., Japan) foil as the counter 
electrode, Celgard 2502 membrane or glass micro-fiber sheet (Whatman, UK) as the 
separator and 1M LiPF6 dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) 
or dimethyl carbonate (DMC) (1:1 by volume, Merck Selectipur LP40) as the electrolyte are 
used to fabricate the cell. The procedures for electrode and cell fabrication are the same as 
described in the Chapter 2. The active material content in the composite electrodes was ~3-4 
mg. Galvanostatic charge-discharge cycling and cyclic voltammetry studies were performed 
on several identical cells after aging for 24 h at ambient temperature (RT ~ 25oC) by 
computer-controlled Bitrode multiple battery tester (model SCN, Bitrode, USA) and 
Macpile II (Biologic, France), respectively. Electrochemical impedance spectroscopy (EIS) 
was carried out on the cell with CdFe2O4 using the Solartron Impedance/Phase-Gain 
analyzer (SI 1260) coupled with a battery tester unit (1470). An ac signal of 5 mV and the 
frequency varying from 0.1MHz to 5 mHz were used to measure the impedance data. Data 
acquisition and analysis were carried out using the electrochemical impedance software, Z 
plot and Z view (Version 2.2, Scriber Associates Inc., USA). For carrying out the ex-situ 
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studies, the cells were disassembled in the glove box after 50 charge-discharge cycles, the 
electrodes were recovered and processed as described in Chapters 2 and 3. 
4.4 Results and Discussion 
4.4.1 Structural and Morphological Characterization  
Fig. 4.1a and b show the XRD patterns recorded on the spinels -CdFe2O4 and -
ZnFe2O4, respectively.  All the peaks correspond to the cubic-spinel structure and reveal 
that the compounds are formed in pure-phase form. The lattice parameters are obtained by 
fitting the XRD pattern of CdFe2O4 using TOPAS software (version 2.1) and by least square 
fitting of 2θ and (hkl) values of ZnFe2O4. The derived values, a = 8.68(2) Å and 8.42(2) Å 
compare well with a = 8.7089 Å and 8.443 Å reported in the JCPDS card # 79-1155 and #  



























































82-1042 for CdFe2O4 and ZnFe2O4, respectively. The particle morphology is examined by 
TEM which is shown in Figs. 4.2a and 4.2b, for CdFe2O4 and ZnFe2O4, respectively. The 





Fig. 4.2 TEM Photographs. (a) CdFe2O4. Scale bar is 50 nm. (b) ZnFe2O4. Scale-bar is 
200 nm.  
 
4.4.2 XPS Studies on ZnFe2O4
In order to establish the oxidation states of Zn and Fe and their possible 
distribution between the tetrahedral and octahedral sites in the spinel structure of 
ZnFe2O4, the XPS studies on ZnFe2O4 are carried out. The core level X-ray photoelectron 
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spectra (after carbon calibration, and de-convolution where applicable) in the Zn, Fe and 
O regions are shown in Fig. 4.3a-c. The spectrum in the Zn region showed a single peak 
with BE of 1020.8 eV. This value agrees well with BE, 1021.1 eV and 1022.6 eV 
corresponding to the Zn 2p3/2 in ZnxFe3-xO4 (x=0-0.67) [29] and thin film Zn2+Fe23+O4 
[25], respectively and reveals that the oxidation state of Zn is 2+ in the present 
compound. The XPS spectrum in the Fe 2p3/2 region comprised a peak with the BE= 
711.0 eV. This value is in close agreement with that reported for Fe3+ in thin-film 
Zn2+Fe23+O4 and CoFe23+O4 [25,30]. The O 1s XPS spectrum showed a broad asymmetric 






































Fig. 4.3 X-ray photoelectron spectra of ZnFe2O4. (a)  Zn 2p3/2 region, (b) Fe 2p3/2 region 
and (c) O 1s region. Base line and curve fitting of the raw data are shown. 
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curve which is de-convoluted into two curves, with BEs at 529.6 and 530.5 eV. The peak 
at 529.6 eV is attributed to the lattice oxygen in the metal (Zn/Fe)-oxygen framework 
[31,32]. The peak at 530.5 eV is ascribed to the oxygen in the adsorbed OH- groups on 
the particle surface [31,32]. Thus, on the basis of XPS data, the oxidation states of Zn and 
Fe in ZnFe2O4 are found to be 2+ and 3+, respectively.   
4.4.3 Galvanostatic Cycling 
The electrochemical Li-storage and cyclability of CdFe2O4 and ZnFe2O4 were 
investigated under galvanostatic cycling conditions in the voltage window, 0.005-3.0 V at 
a current density of 60 mAg-1 at room temperature. The results are shown as voltage vs. 
capacity profiles of selected cycles in Figs. 4.4a and 4.4b for bare (as-prepared) 
electrodes of CdFe2O4 and ZnFe2O4, respectively. As can be seen, the first discharge- 
curves start from the open circuit voltage (OCV ~ 2.6-2.8V) and show a continuous 
decrease, through a single-phase Li-intercalation reaction, to reach a voltage plateau 
region at ~1.0V for CdFe2O4 and ~0.8 V for ZnFe2O4. As shown in the inset of Figs. 4.4a 
and 4.4b, the capacity of ~16 and ~20 mAhg-1, up to the plateau voltage, corresponds to 
the consumption of ~0.2(±0.02) mole of Li per mole of formula unit of CdFe2O4 and 
ZnFe2O4, respectively based on the weight of the active material and formula weight of 
the spinels. The onset of voltage plateaux represents a two-phase reaction and extends up 
to a capacity of 820(±20) mAhg-1 in both the compounds (Figs. 4.4a, b). The observed 
capacity values correspond to the consumption of ~8.8 and ~7.4 moles of Li per mole of 
CdFe2O4 and ZnFe2O4, respectively. Below the voltage plateau regions, the profiles show 
a gradual sloping region till the deep discharge limit of 0.005 V. Thus, at the end of first 
discharge, the total capacities of 1180(±10) mAhg-1 are observed in both the compounds 
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that correspond to the ~12.7 and ~10.6 moles of Li per mole of CdFe2O4 and ZnFe2O4, 
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Fig. 4.4  The voltage vs. capacity profiles in the voltage window, 0.005-3.0V at 60 mAg-1 
at room temperature of bare electrode of (a) CdFe2O4 and (b) ZnFe2O4. Insets 
show the discharge profiles in an expanded scale in the voltage range of ~0.8 to 
~2.5V. (c) Heat-treated (300oC; 12h; Ar) electrode of CdFe2O4. Only selected 
cycles are shown for clarity. The numbers refer to the cycle number. 
 
It is pertinent to compare the presently observed first-discharge profile of 
ZnFe2O4 with that of the ZnFe2O4 reported in the literature: Chen et al. [33] observed a 
continuous decrease of voltage from an OCV of 2.3 V to ~1.8V (vs. Li), and found that 
x~0.5 in Lix(ZnFe2O4). They did not study the Li- insertion behavior below 1.8 V. They 
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confirmed that x = 0.5 composition is also obtained by chemical intercalation using n-
butyl-Li as the reagent in acetonitrile. Interestingly, they pointed out that Li can not be 
de-intercalated from Li0.5(ZnFe2O4) using chemical oxidizing agents like I2 or DDQ (2,3-
dichloro-4,5-dicyano benzoquinone) in acetonitrile.  
During their studies on thin films of ZnFe2O4,  NuLi et al. [25] also found a 
continuous decrease of voltage from an OCV of 2.3 V to ~1.8 V(vs. Li) with an x~0.2 in 
Lix(ZnFe2O4), but noticed a voltage plateaux setting-in at 1.8 V, extending up to a 
consumption of x~0.8 Li. Upon further reaction with Li, the voltage rapidly decreased to 
~0.75V, and then a plateau extending up to a consumption of x ~2.0 was found. 
Thereafter, the voltage gradually decreased to the deep discharge limit of 0.01 V. The 
total first-discharge capacity observed by them corresponded to 7.1 moles of Li per mole 
of ZnFe2O4, which is much less than that of 10.6 moles of Li presently observed in 
ZnFe2O4. On the other hand, NuLi et al. [25] found a continuous decrease of voltage from 
an OCV of 2.3 V to ~0.8 V (vs. Li) in their thin-film Ag-composite, Ag0.37-ZnFe2O4 till 
x~0.8 in Lix(Ag0.37-ZnFe2O4), a sloping voltage profile extending up to an x~3.0, and a 
voltage plateaux at ~0.3 V till an x~6.8 is reached, followed by a gradual decrease of 
voltage till 0.01V. The total first-discharge capacity observed by them corresponded to 
7.8 moles of Li per mole of (Ag0.37-ZnFe2O4). Hence, it is clear that the Li-intercalation 
and discharge behaviour is dependant on the nature of the ZnFe2O4, thin-film or bulk or a 
composite thin-film with Ag, the particle size and the nature of the electrolyte and 
solvent. Chen et al. [33] studied using the electrolyte, LiClO4 dissolved in propylene 
carbonate (PC) as the solvent, whereas in the present study, the electrolyte, LiPF6 
dissolved in EC+DEC is used. It is known that the electrochemical behaviour of a given 
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compound can differ non-trivially when the solvent PC is replaced by DEC or (EC + 
DEC or DMC).  
The first-charge (Li-extraction) profile of CdFe2O4 from 0.005-3.0V in Fig. 4.4a 
shows a small voltage plateau at ~0.5V followed by a continuous increase to ~1.4V. 
Above this voltage, a broad plateau region occurs in the range, 1.5-2.0V. In the case of 
ZnFe2O4, a smoothly increasing profile with a broad plateaux voltage at ~1.5-1.8 V is 
seen (Fig. 4.4b). After the plateau regions, significant polarization of the electrodes of 
both the compounds in the form of vertical profile is observed. The total first charge 
capacities of 870(±10) mAhg-1 and 810(±10) mAhg-1 are obtained that correspond to the 
extraction of ~9.4 and ~7.3 moles of Li per formula unit for CdFe2O4 and ZnFe2O4, 
respectively. The difference between the discharge and charge capacities in the first 
cycle, namely the irreversible capacity loss (ICL) is thus, ~26% for CdFe2O4 and ~32% 
for ZnFe2O4.   
The second-discharge profiles of both the compounds differ from that of the 
respective first-discharge in that the voltage decreases continuously from ~1.6V and a 
smaller extent of voltage-plateau at ~1.0V followed by the sloping region is seen (Figs. 
4.4a,b). The total second-discharge capacity is 940(±10) mAhg-1 in CdFe2O4 and 
800(±10) mAhg-1 in ZnFe2O4. The corresponding second-charge profile resembles 
qualitatively that of the first-charge except that the capacity value increases slightly to 
900(±10) mAhg-1 in CdFe2O4 (Fig. 4.4a). On the other hand, it decreases to 750 (±10) 
mAhg-1 in ZnFe2O4 (Fig. 4.4b). The subsequent discharge- and charge- profiles for both 
the compounds exhibit qualitative resemblance in the range of 2–25 cycles for CdFe2O4 
and 2-35 cycles for ZnFe2O4 but show a continuous decrease in the reversible capacity 
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(Figs. 4.4a, b). The capacity vs. cycle number plots are drawn from the galvanostatic 
cycling data for both the compounds and are shown in Fig. 4.5a. As can be seen, the 
reversible capacity decreases gradually till 10-15 cycles, and thereafter, it decreases at a 
rate of ~3 mAhg-1 per cycle till 50 cycles for CdFe2O4 and a capacity of 680(±10) mAhg-1 
(7.3 moles of Li) is retained after 50 cycles. On the other hand, ZnFe2O4 exhibits a 
similar decreasing trend in the capacity for the first 10-15 cycles, but, thereafter a stable 
capacity of 615(±10) mAhg-1 (5.5 moles of Li) is noted up to 50 cycles. The coulombic 
efficiency attains a value of 96-98% between 15-50 cycles in both the compounds.  
Recently Dahn’s group [34] showed that a significant increase in the reversible 
capacity as well as cycling stability of the oxide, Fe2O3 can be achieved by heat treating 
the composite electrode, containing the active material, binder and conducting carbon, at  











































Fig. 4.5  The capacity vs. cycle number plots in the voltage range, 0.005-3.0 V at the 
current of 60 mAg-1 for bare electrode of CdFe2O4 and ZnFe2O4, and heat-
treated electrode of CdFe2O4. (b) Capacity vs. cycle number plot in the voltage 
range, 0.005-3.0 V at various current (C) rates of heat-treated electrode of 
CdFe2O4. For clarity, data for selected C-rates are shown. Filled and open 
symbols correspond to discharge- and charge- capacities, respectively.  
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300oC for 12 h in argon, followed by cooling. Thus, while the bare electrode gave a 
reversible capacity of 400 mAhg-1, the heat-treated electrode of Fe2O3 showed a capacity 
of ~800 mAhg-1, stable up to at least 100 cycles, when cycled at 0.2C-rate in the voltage 
range, 0.005-3.0 V. This dramatic improvement in the electrode performance is ascribed 
to a better binder distribution, caused by the melting and spreading of the binder, 
followed by adhesion to the active material particles and to the Cu-current collector.  
Presently, the composite electrode of CdFe2O4 is heat-treated under similar 
conditions (300oC; 12h; Ar) and tested for Li-cyclability. The results are shown in the 
form of voltage vs. capacity and capacity vs. cycle number plots in Fig. 4.4c and 4.5a, 
respectively. As can be seen, the Li-cycling behavior of heat-treated electrode is almost 
identical to that of bare electrode of CdFe2O4 up to 10-15 cycles, displaying good 
reproducibility of Li-cycling response (Figs. 4.4a and 4.5a). However, in contrast to the 
bare-CdFe2O4 electrode which showed capacity-fading, the heat-treated electrode gives a 
stable capacity, 810(±10) mAhg-1 in the range of 10-60 cycles, which corresponds to 8.7 
moles of cyclable Li. This shows that the heat-treatment of the composite electrode, 
indeed, has a beneficial effect on the cycling behaviour and corroborates the conclusions 
of Li et al. [34]. The SEM photographs of the bare (Fig. 4.6a) and heat-treated composite 
electrode (Fig. 4.6b) indicate that the latter possesses smaller number of pores and un-
coated portions, and denser packing of the active material and carbon particles, in 





Fig. 4.6 SEM micrographs of composite electrode of (a) bare CdFe2O4 and (b) heat-
treated CdFe2O4 at 300oC for 12 h in Ar-atmosphere.  
 
Rate capability of the heat-treated electrode of CdFe2O4 is also examined at 
various current rates in the range of 0.005-3.0V vs. Li. The capacity vs. cycle number 
plot, shown in Fig. 4.5b, indicates that the capacity values are fairly stable at each C-rate 
from 0.12 C to 1.4C, assuming 1C= 840 mAg-1. Capacities of 650(±10) mAhg-1 at 0.5C 
in the range 15-38 cycles, and 450(±10) mAhg-1 at 1.4 C in the range, 56-75 cycles are 
observed. We note that these values are higher than the theoretical capacity of graphite 
(372 mAhg-1). When the C-rate is decreased, in steps from 1.4C to 0.24C, the reversible 
capacity values increased, as can be expected, but complete recovery is not seen (Fig. 
4.5b). This aspect needs further investigation. 
The observed decrease in reversible capacity during the 2-10 cycles in AFe2O4, A 
= Cd and Zn) and thereafter, a slight increase and stabilization of capacity values in bare-
ZnFe2O4 can be attributed to the ‘formation’ or ‘conditioning’ of the electrodes. Such a 
behavior has also been noted in other oxide systems like, LixMVO4 (M=metal) [35], 
nano-flake Fe2O3 [20] and Co3O4 [36]. As will be explained later, the reaction mechanism 
during the charge-discharge cycling involves oxidation-reduction of the ‘nano-
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(LiZn/Zn0,Fe0) or (Li3Cd/Cd0,Fe0) - amorphous Li2O’ composites formed during the first-
discharge reaction of AFe2O4 with Li-metal. Since renewal of nano-particle surface 
occurs upon  each charge-discharge cycle, formation of stable solid electrolyte interphase 
(SEI) on the metal nano-particles, percolation of the electrolyte throughout the 
‘composite’ as well as the establishment of an intimate electrical (electronic) contact of 
the ‘composite’ with the Cu-current collector needs several charge-discharge cycles for 
the electrode ‘formation’. However, in the case of CdFe2O4, a continuous decrease in 
capacity is observed. The difference in the Li-cycling response of these two spinels may 
be attributed to the two different alloys, namely, Li3Cd and LiZn formation and thereby 
the associated volume variations in unit cell are responsible for the electrochemical 
grinding of particles of active materials. Since, Li3Cd involves three moles of Li whereas 
LiZn has only one Li, the volume variation in the unit cell of Li3Cd will be greater as 
compared to LiZn and therefore, CdFe2O4 exhibits a continuous capacity-fading. The Li-
cycling performance of CdFe2O4 is improved by heating the composite electrode which 
enables more homogeneous distribution of active material in the conducting matrix of 
carbon and thereby good buffering ability of volume variation involved in the 
electrochemical processes.  
4.4.4 Ex-situ -XRD, -TEM and -SAED Studies    
Ex-situ -XRD, -TEM and -SAED studies were performed to investigate the nature of 
products formed upon Li-cycling during the first discharge and after 50 or 66 cycles. The 
XRD patterns of the bare electrode of CdFe2O4, after discharge to 1.0V and 0.005V, and 
that of the heat-treated electrode after charging to 3.0V after 66 cycles are shown in Figs. 
4.7 a-d. The characteristic peaks of cubic CdFe2O4, seen in the bare electrode, disappear 
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at 1.0V and only peaks due to the substrate, Cu are seen. This indicates that the crystal 
structure destruction (amorphization) of crystal lattice of CdFe2O4 occurs at ~1.0V. The 
XRD patterns of the electrode which was discharged to 0.005 V and that of the electrode 
charged to 3.0V after 66 cycles also are similar to the above which indicates that the 
products formed are either amorphous in nature or nano-phase which have crystallite size 
smaller than the coherence length of X-rays.  

































2θ, degrees; Cu-Kα radn.
 
Fig. 4.7 XRD patterns of (a) bare electrode of CdFe2O4, (b) electrode discharged to 1.0V, 
and (c) electrode discharged to 0.005V. (d) Heat-treated CdFe2O4 electrode 
charged to 3.0 V after 66 cycles. Lines due to CdFe2O4 along with the Miller 
indices are shown. Lines due to Cu-substrate are shown.  
 
To investigate further the products formed upon charging the bare electrodes of 
CdFe2O4 and ZnFe2O4 to 3.0V after 50 charge-discharge cycles, the HR-TEM and SAED 
studies were performed. Figs. 4.8a and c show the HR-TEM lattice images of CdFe2O4 and 
ZnFe2O4, respectively in which the dispersion of nano-crystalline regions (size, 5-10 nm) in 
the amorphous regions are seen. Some of these crystalline regions are marked as 1, 2 and 3 
in Fig. 4.8a, and 1 and 2 in Fig. 4.8c. The interplanar distances (d-values) (±0.03 Å) corres- 
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 Fig. 4.8 Ex-situ TEM of bare electrodes charged to 3.0 V after 50 cycles. (a) and (c) High 
resolution lattice image of CdFe2O4 and ZnFe2O4, respectively showing the 
presence of nano-crystalline regions (5-10 nm) dispersed in amorphous region, 
marked as 1, 2 and 3. Scale bars, 5 nm.  (b) and (d) The corresponding SAED 
patterns of CdFe2O4 and ZnFe2O4, respectively. The diffuse spots/rings are 
assigned to the CdO or ZnO and FeO. Miller indices are shown. Scale bars, 5nm-1. 
 
ponding to these regions in CdFe2O4 are: 2.69 Å, 2.50 Å and 2.15 Å, respectively. The first 
value is attributed to the (111) plane of cubic-CdO (a = 4.6953Å; JCPDS card # 05-0640), 
and the latter two can be assigned to the (111) and (200) planes of cubic-FeO (a = 4.284 Å; 
JCPDS card # 74-1881). For ZnFe2O4, the d-values of 2.47(±0.03) Å and 2.11(±0.03) Å are 
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measured. The former value corresponds to the (101) plane of hexagonal-ZnO (a =3.253 Å 
and c = 5.209 Å; JCPDS card # 80-0075) as well as the (111) plane of cubic-FeO and the 
latter value can be assigned to the (200) plane of cubic-FeO. The corresponding SAED 
patterns (Figs. 4.8b and d) show the various diffuse spots superimposed on the concentric 
rings that indicates the dispersion of nano-crystalline regions in the amorphous matrix and 
complement the lattice image data (Figs. 4.8a and c). The interplanar distances (d-values) 
are derived by measuring the diameters of symmetric spots/rings about the center. The d-
values (±0.03 Å) in the case of CdFe2O4 are:  2.70 Å, 2.49 Å 2.13 Å, 1.23 Å and 1.09 Å 
(Fig. 4.8b). The first three values are almost same as found in the lattice image (Fig. 4.8a) 
and therefore, assigned accordingly to CdO and FeO.  The last two values can be attributed 
to (222) and (400) planes of FeO, respectively. In addition, the d-value of 1.09(±0.03) Å can 
possibly be assigned also to the (420) plane of CdO (Fig. 4.8b). The derived d-values 
(±0.03) Å in the case of ZnFe2O4 are: 2.47 Å, 2.11 Å and 1.51Å, and they match with the 
various planes of ZnO and FeO (Miller indices are shown in the SAED pattern, Fig. 4.8d).  
Thus, the products formed upon charging the bare electrode of CdFe2O4 and ZnFe2O4 to 
3.0V after 50 charge-discharge cycles are metal oxides, cubic-CdO or hexagonal-ZnO and 
cubic-FeO, respectively. There is no evidence for the re-formation of CdFe2O4/ZnFe2O4. 
4.4.5 Reaction Mechanism 
On the basis of voltage profiles, observed capacity values, ex-situ -XRD, -TEM and 
SAED studies, and similarity between the cycling behavior of presently studied ferrites with 
the other reported Fe-based oxides like, AFe2O4 (A = Zn, Co, Ni) [25,37],  Fe2O3 
[18,20,21,34,38] and Ca2Fe2O5 [39], the following Li-storage and cycling mechanism can be 
proposed (Eqns. 4.1-4.5).  
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          AFe2O4 + 0.2Li ++ 0.2e- → Li0.2AFe2O4  (A = Cd and Zn) (e- = electron)   --- (4.1) 
          Li0.2AFe2O4 + 7.8Li+ + 7.8e-→A0 + 2Fe0 + 4Li2O                                         --- (4.2) 
          A0 +  xLi+ + xe- ↔   LixA     (x = 1 for A = Zn; x = 3 for A = Cd)                --- (4.3) 
         A0 + Li2O ↔  AIIO + 2Li++ 2e-                                                                      --- (4.4) 
        2Fe0+2Li2O ↔ 2FeIIO + 4Li+ + 4e-                                                                 --- (4.5) 
The first-discharge reaction of the ferrites with Li-metal involves Li-intercalation 
into the spinel structure of both the compounds. A continuous voltage drop from the OCV 
to ~1.0 V in CdFe2O4 and ~0.8 V in ZnFe2O4 (Figs. 4.4a-c and insets) as a consequence of 
single phase reaction can be attributed to the Li-intercalation to form Li0.2(AFe2O4), where 
A = Cd and Zn as per the forward reaction of Eqn. (4.1), based on the observed capacity. 
Further reaction of Li metal with the intercalated-phase leads to crystal structure destruction 
or amorphization of AFe2O4 lattice followed by the formation of A0- and Fe0- metal nano-
particles in an amorphous matrix of Li2O and thereby the consumption of 7.8 moles of Li 
per mole of AFe2O4 as per the forward reaction of Eqn. (4.2). This is depicted by the 
voltage plateaux (two-phase) region at ~ 1.0V in the CdFe2O4 (Fig. 4.4a) and at ~0.8V in 
ZnFe2O4 (Fig. 4.4b). The proposed Eqn. (4.2) is also well supported by ex-situ XRD (Fig. 
4.7) where the crystal structure destruction of CdFe2O4 occurred at ~1.0V. Further, below 
the voltage plateau region, the newly formed A0-metals react with Li to form the alloys- 
LixA (x = 3 for A = Cd, and 1 for A = Zn) as per the forward reaction of Eqn. (4.3) 
[13,24,25]. To re-confirm the consumption of Li by Cd in LixCd-alloy formation, cadmium 
monoxide, CdO is prepared and studied for its Li-cyclability. The detailed results are 
presented and discussed in Appendix (pp. 260). In the case of ZnFe2O4, the alloying 
reaction can be seen as a small and broad voltage plateau in the first discharge curve at ~ 
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0.4V (Fig. 4.4b). However, for CdFe2O4, no clear-cut voltage plateau is seen, possibly due 
to the occurrence of alloy-formation of Li-Cd in stages [24]. 
 Thus, theoretically the first discharge process must consume 11 and 9.0 moles of Li 
per mole of CdFe2O4 and ZnFe2O4, respectively (Eqns. (4.1-4.3)). The experimentally 
observed values, however, corresponds to 12.7 and 10.6 moles of Li per mole of CdFe2O4 
and ZnFe2O4, respectively (Figs. 4.4a-c). The extra consumption of 1.6 or 1.7 moles of Li in 
both the compounds can be ascribed partly to the formation of solid electrolyte interphase 
(SEI) at the electrode–electrolyte interface [16,18,20], and partly to the polymeric gel-type 
layer [13,16,18,20], formed on the nano-particles of alloys, LixA and Fe0 upon  deep 
discharge to 0.005 V.   
The charge reaction is the de-alloying of LixA to give the A0-metal as per the 
reverse reaction of Eqn. (4.3), followed by the oxidation of freshly formed A0, and Fe0 to 
AO and FeO as per the forward reactions of Eqns. (4.4) and (4.5), respectively. The 
former reactions (Eqn. 4.3) occur in the range of 0.3-0.5V in both the spinels. The latter 
two reactions (Eqns. 4.4 and 4.5) in CdFe2O4 occur in the range, ~1.5-2.0V whereas they 
occur in ZnFe2O4, at ~1.5-1.7V according to the plateau potentials (the first-charge 
profiles in Figs. 4.4a,b). The formation of nano-AO and nano-FeO in the charged-state is 
confirmed on the basis of ex-situ -TEM and -SAED studies (Fig. 4.8), and also by the 
similarity between the voltage plateau regions of presently studied AFe2O4 with those 
exhibited by other Fe-based oxides [19-21,25,37,39] and CdO/ZnO [13,26,40].  It may be 
mentioned that in some reports, the oxidation of Fe partly or fully to Fe3+ via FeO to give 
Fe2O3 as the final product upon completion of the charge reaction was also observed 
[21,25,38]. However, Fe2O3 formation is not noticed in the present study from ex-situ -
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TEM and -SAED studies. The total numbers of moles of Li, released upon  complete 
charge to 3.0V, are 9.4 and 7.3 moles of Li per mole of CdFe2O4 and ZnFe2O4, 
respectively which slightly exceed the theoretically envisaged values of 9.0 and 7.0 moles 
of Li, respectively as per the forward reactions of Eqns. (4.3-4.5). The observed extra 
capacity corresponding to 0.3(±0.1) moles of Li can possibly be attributed to the 
contribution from the dissolution of polymeric layer [13,41].  
After the first cycle, the Li-cycling takes place as per the reversible reactions of 
Eqns. (4.3-4.5).  The Li-cycling response of AFe2O4 may be ascribed to the nano-particle 
nature of the first- discharge reaction products, and the role of LiA-A-AO (A = Cd and 
Zn) and Fe-FeO as mutually beneficial matrices in an amorphous matrix of Li2O for the 
reactions of Eqns. (4.3-4.5). The difference in the cycling behavior of bare electrode of 
CdFe2O4 and ZnFe2O4 after 10-15 cycles (‘formatting’ cycles) may be due to the 
involvement of higher number of moles of Li to form Li3Cd as compared to the LiZn and 
thereby large unit volume variations in unit cell which results in a continuous capacity 
loss on extended cycling in the case of CdFe2O4.  The Li-cyclability is improved by 
heating the electrode (of CdFe2O4) at 300oC in Ar-gas flow which enables a more 
homogeneous distribution of active material in the conducting matrix of carbon and 
thereby good buffering ability of volume variation involved in the electrochemical 
processes during cycling. Heat treated electrode of CdFe2O4 shows a stable and high 
capacity of 810(±10) mAhg-1 in the range of 10-60 cycles which corresponds to 8.7 moles 
of Li vs. theoretical value of 9.0 moles of Li per formula unit. In contrast, only 5.5 moles 
of Li per mole of ZnFe2O4 are cyclable in the range of 15-50 cycles vs. theoretically 
expected value of 7.0 moles of Li, and possibly indicates that some of the metal nano-
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particles of Zn and Fe are not accessed for the reversible reaction with Li2O in the ‘metal-
oxide-Li2O’composite. Heat treatment of ZnFe2O4 in Ar at 300oC and study of its Li-
cyclability is yet to be carried out.  
Under analogous cycling conditions of the voltage range, the Li-cycling 
performance of CdFe2O4 is superior to the presently studied ZnFe2O4 and thin-film 
ZnFe2O4 reported in the literature [25], sol-gel derived NiFe2O4 and CoFe2O4 [37], and 
can be attributed to the participation of the alloy, (Li3Cd) in the reaction. We note that in 
the case of ZnFe2O4, the alloy (LiZn) only participates [13,24,25], whereas in the other 
two cases, Ni and Co do not form alloys with Li.  
4.4.6 Cyclic Voltammetry 
To discern the average discharge and charge potentials during the Li-cycling, to 
complement the galvanostatic cycling data, and the proposed reaction mechanism, cyclic 
voltammetry studies were carried out on the heat-treated electrode of CdFe2O4 and bare 
electrode of ZnFe2O4 in the potential range, 0.005-3.0V at the slow scan rate, 58 µVs-1. 
The Li metal was used as the reference and working electrode. The cyclic 
voltammograms (CVs) for CdFe2O4 and ZnFe2O4 are shown in Figs. 4.9a and 4.9b, 
respectively. As can be seen, the first discharge (cathodic) scans commence from the 
OCV(~2.7V) to the deep discharge limit, 0.005V and shows an intense peak at ~0.75V 
with a small shoulder peak at ~1.0V in CdFe2O4. In ZnFe2O4, the intense cathodic peak 
occurs at ~0.6V and a shoulder peak at ~0.75V. The intense peaks can be attributed to the 
two-phase reaction due to crystal structure destruction followed by the nano-metal 
particle formation embedded in the Li2O  matrix (Eqn. (4.2)) (Fig. 4.9). Since the alloy-
formation (Li3Cd and LiZn) occurs in stages [13,24,25], well-defined peaks attributable 
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to the alloying reaction (forward reaction of Eqn. (4.3)) are not seen. Nevertheless, a 
sloping tail in the CV for both the compounds upon  deep discharge to 0.005V is noticed 
that can be attributed to the completion of the Li3Cd or LiZn formation [13,24,25]. 
Similar results have been obtained on CV studies of CdO-Li system (Appendix). 
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Fig. 4.9 Cyclic voltammograms (CVs) in the potential window, 0.005 -3.0 V vs. Li at the 
slow scan rate of 58 µVs-1. Li metal was the counter and reference electrode. The 
numbers indicate the cycle number. (a) Heat-treated CdFe2O4 during 2-15 cycles. 
(b) The CVs of bare ZnFe2O4 during 2-6 cycles.  
 
The anodic scan (Li-extraction) of CdFe2O4 (Fig. 4.9a) shows a small hump in the 
range 0.1-0.4V that can be ascribed to the de-alloying reaction of (Li-Cd) that gives Cd 
metal in stages as per the backward reaction of Eqn. (4.3). Further, a broad hump 
containing two discernible peaks at ~1.6V and ~2.0V is seen in the CV. These peaks can 
be attributed to the FeO and CdO formation and are in good agreement with the values 
reported in the literature for the Fe-based [20,21,25,37,39] and Cd-based oxides [26]. 
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However, on the other hand, only one well-defined and broad peak centered at ~1.6V is 
seen in the first anodic scan of ZnFe2O4. Analogous to CdFe2O4, the observed broad peak 
is assigned to the FeO formation. Additionally, this peak can also be ascribed to the ZnO-
formation as a peak at ~1.6V was seen in the studies on ZnCo2O4 [13] and pure ZnO [40].  
The shape of the second cathodic CV is different from that of the first-cycle CV in 
both the compounds indicating a different reaction mechanism. Thus, a broad hump at 
~1.4V, and a well-defined peak centered at ~1.0 V are seen in CdFe2O4. In ZnFe2O4, the 
major peak is centered at ~0.9V (Fig. 4.9b). These peaks can be ascribed to the reduction 
of newly formed, CdO or ZnO and FeO, respectively to the respective metal nano-
particles. The 2nd anodic CVs are qualitatively similar to those of the first cycle CV 
except that the broad peaks seen in CdFe2O4 are now shifted to ~1.7 V and ~2.1V. The 
intensity of the 1.6V-peak is decreased in ZnFe2O4. The peak positions and intensities 
varied slightly during 2-5 cycles, and thereafter almost overlapping of the CVs are seen 
that indicates good reversibility of Li-CdFe2O4 system as per the reversible reactions of 
Eqns. (4.3)–(4.5) (Fig. 4.9a). In ZnFe2O4, after 2-3 cycles, the anodic peak ~1.6V 
becomes a broad hump indicating capacity-fading (Fig. 4.9b).  
It is concluded that CV studies complement the galvanostatic cycling and 
proposed reaction mechanism and from the CVs in the range 2-15 and 2-6 cycles, the 
average discharge potentials of CdFe2O4 and ZnFe2O4 are ~0.9V. The average charge 
potential is ~2.1V for the former whereas it is ~1.6V for ZnFe2O4.  
4.4.7 Electrochemical Impedance Spectroscopy (EIS) of CdFe2O4
EIS studies have been carried out on the bare-CdFe2O4 electrode vs. Li to obtain 
information on the electrode reaction kinetics. The cell was galvanostatically discharged 
 169
or charged to a fixed voltage and relaxed at that voltage for 2 h, and the impedance data 
were collected during the 1st discharge-charge cycle. The results in the form of Nyquist 
plots (Z′ vs. - Z′′) are shown in Fig. 4.10, where Z′ and Z′′ refer to the real and imaginary 
parts of cell impedance. The experimental data are fitted with an equivalent circuit shown 
in Fig. 4.11 which consists of a series and parallel combination of resistances, constant  
 
















































Fig. 4.10  Family of Nyquist plots (Z′ vs. -Z′′) of the CdFe2O4-Li system at different 
voltages. (a) During the first-discharge reaction from open circuit voltage (OCV ~ 
2.8 V). (b) During the first-charge reaction. The voltages at which the data were 
collected are shown. Symbols represent the experimental data and continuous 
lines indicate the fitting with the equivalent circuit of Fig. 4.11. Geometric area of 
the electrode is ~2 cm2 and the active mass in the electrode is ~ 3-4 mg. 
 
Fig. 4.11 Equivalent circuit used for fitting the impedance spectra of Fig. 4.10. Different 




phase elements (CPEs) and Warburg impedance, W.  The overall impedance is a 
summation of resistances offered by the electrolyte (e), surface film (sf), charge transfer 
(ct), bulk (b) and Warburg impedance. The corresponding constant phase elements are 
CPE(sf), CPE(dl) and CPE(b) where dl refers to double layer. The experimental data are 
shown as symbols whereas the fitting represents the continuous line in Fig. 4.10.  The 
CPEs are used instead of pure capacitor due to the depressed semicircle seen in the 
Nyquist plots that indicates the deviation from the ideal behavior of a capacitor. The 
impedance of CPE can be derived from the equation, ZCPE = 1/[Ci(jω)n], where j = (-1)1/2, 
ω is the angular frequency, Ci is the capacitance and n is a constant which gives the 
extent of distortion. For a pure capacitor, n =1[20,39] 
The electrolyte resistance Re was found to be 3.5(±0.5) Ω irrespective of the state 
of charge and discharge of the cell. Under the OCV condition, the Nyquist plot shows a 
single semicircle in the range, 100 kHz-10 Hz followed by a sloping line (~ 45o) which 
turns to an almost vertical line with respect to the x-axis. The semicircle is fitted by single 
R||CPE combination which can be attributed to surface film contribution. The derived 
values of Rsf and CPEsf are 95(±5) Ω and 24(±2) µF, respectively. These values decrease 
slightly, to 85(±5) Ω and 22(±2) µF, respectively at 1.5V. In this case, the spectrum was 
fitted to a single semicircle but the charge transfer contribution has been taken into 
account for fitting, and thus the resistance and CPE are R(sf+ct) and CPE(sf+dl), respectively. 
At 1.0 V, the spectrum shows a significant change. The spread of the first semicircle 
slightly increases and an undeveloped semicircle (almost a straight line parallel to the x-
axis) is seen, which is an indication of contribution from the bulk resistance to the overall 
impedance (Fig. 4.10a). Accordingly, the impedance data is fitted with two R||CPE 
 171
elements shown in Fig. 4.11. The derived values of R(sf+ct) and Rb  are 84 (±5) and 102 
(±5)Ω, respectively, and the corresponding CPE(sf+dl) = 15 (±3) µF and CPEb = 4 (±1) mF. 
As more and more Li reacts with CdFe2O4, the R(sf+ct) and CPE(sf+dl) values remain almost 
stable in the voltage range of 0.6 V to 0.005V (R(sf+ct)= 64 (±4)Ω and CPE(sf+ct) = 14 µF) 
(Fig. 4.10a). The Rb now decreases from 102 Ω at 1.0V to 42 Ω at 0.6V to 33Ω at 0.2V, 
but increases to 49Ω at 0.005V. The corresponding values of CPEb remain almost 
constant at 6 (±1) mF. The values of n (±0.02) change gradually from 0.78 to 0.84 during 
the first-discharge process. 
During the first charge, the Nyquist plot taken at 0.05V is qualitatively the same 
as that obtained at 0.005V during the first-discharge (Fig. 4.10b). The impedance 
parameters are: R(sf+ct)= 82(±5) Ω, and corresponding CPE(sf+dl)= 16(±3) µF, Rb = 47(±5) 
Ω and CPEb = 10(±2) mF. However, at 0.2V, the spectrum changes significantly in that 
the spread of the first-semicircle reduces considerably and the contribution from bulk 
impedance is also reduced significantly. Hence, the spectrum at 0.2V is fitted to a single 
semicircle. The R(sf+ct) is only 24(±5) Ω with CPE(sf+dl) = 25(±5)µF. The decreasing trend 
in the R(sf+ct) and increasing trend in the CPE(sf+dl) values continues up to 1.5V during 
charge (Fig. 4.10b). Thus, in the range, 0.6-1.5V, the R(sf+ct) = 16(±1) Ω, whereas the 
CPE(sf+dl) varies from 110(±10) µF to 280(±10) µF. Thereafter, the R(sf+ct) increases 
slowly to 28(±1) Ω and CPE(sf+dl) = 290(±10) µF at 2.5 V and 3.0 V. The contribution 
from Rb is absent. The slight increase in R(sf+ct) values at V ≥ 2.5V can be ascribed to the 
formation of metal oxides from the Fe- and Cd-metal nano-particles through the 
‘conversion’ reactions (Eqns. 4.4 and 4.5). Also, for V>2.0 V, the dissolution of 
polymeric layer takes place that causes the surface film impedance to decrease, but the 
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charge transfer impedance increases. The n value decreases gradually from 0.81 at 0.05V 
to 0.60 at 3.0 V during first charge process. To summarise, the R(sf+ct) varies from ~84 Ω 
to ~16 Ω during the first discharge-charge cycle. The contribution from Rb to the overall 
impedance is seen only for V≤1.0V during the first-discharge and its value decreases 
from 102 Ω at 1.0 V to 49 Ω at 0.005 V. During the first-charge, Rb contribution is seen 
only at V = 0.05V, with a value of 47 Ω. These low values of R(sf+ct) and Rb are conducive 
for good Li-cycling in CdFe2O4.  
4.5 Conclusions 
Single-phase CdFe2O4 and ZnFe2O4 with particle size, 100-300 nm are 
synthesized by urea combustion method followed by heating at 900oC for 6 h, and 
characterized by XRD, SEM, TEM and SAED techniques. The Li-cycling behavior is 
examined by galvanostatic cycling and cyclic voltammetry (CV) in the range, 0.005-3.0V 
vs. Li at room temperature. CdFe2O4 shows the first-cycle reversible capacity of 
870(±10) mAhg-1 that corresponds to 9.4 moles of Li per mole of CdFe2O4; however, the 
capacity fades at a rate of ~4 mAhg-1 per cycle and retains only 680 (±10) mAhg-1 after 
50 cycles. On the other hand, ZnFe2O4 shows the first-cycle reversible capacity of 810 
(±10) mAhg-1 which fades gradually till 15 cycles and thereafter almost a stable capacity 
of 615 (±10) mAhg-1 is obtained in the range of 15-50 cycles with coulombic efficiency 
96-98%.   
A significant improvement in the Li-cycling performance and rate capability of 
CdFe2O4 is seen when the composite electrode of it was heat-treated at 300oC for 12 h in 
Ar.   Reversible capacities of 810(±10) mAhg-1 at 0.07C (range, 10-60 cycles), 650(±10) 
mAhg-1 at 0.5 C (range, 15-38 cycles) and 450(±10) mAhg-1 at 1.4 C (range, 56-75 
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cycles) (assuming 1C= 840 mAhg-1) are observed.  The possible reasons of improved 
cycling performance of heat-treated electrode of CdFe2O4 are discussed. From the CV 
data the average discharge and charge potentials are found to be ~0.9V and ~2.1V for 
CdFe2O4 and ~0.9V and ~1.6V for ZnFe2O4, respectively. Based on the galvanostatic 
cycling, CV, ex-situ -XRD, -TEM and -SAED studies, a reaction mechanism is proposed 
involving the alloying-de-alloying of (Li3Cd/LiZn) and conversion reactions of Cd or Zn 
and Fe (Cd↔CdO or Zn↔ZnO and Fe↔FeO). The impedance spectra recorded on bare-
CdFe2O4 during the first cycle have been interpreted in terms of changes in the surface 
film, charge transfer and bulk impedances and the associated CPEs. The Li-cycling 
performance of AFe2O4, A = Cd and Zn are better than other AFe2O4 with A = Ni, Co, 
and comparable to that of the Co-containing spinles, Co3O4 and ZnCo2O4 and thus, may 
find use as anode materials for LIBs.  However, in the case of CdFe2O4, toxicity of 
cadmium is a matter of concern. In the case of ZnFe2O4, there is scope for improvement 
in its reversible capacity either by electrode heat-treatment and/or employing nano-size 
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Chapter 5 
Mixed-metal carbonates: new and high capacity anode materials 
for lithium ion batteries*
 
5.1 Abstract 
The Li-storage and cycling behavior of the metal/mixed-metal carbonates, nano-
CdCO3, nano-(Cd0.75Co0.25)CO3 (CCC) and nano-(Cd1/3Co1/3Zn1/3)CO3 (CCZC) prepared 
under ambient conditions by the precipitation method are reported. These are 
characterized by XRD, TGA, EDAX, TEM and SAED techniques. Li-cyclability is 
investigated by galvanostatic cycling and cyclic voltammetry in cells with the Li-metal as 
counter electrode. Nano-CCZC showed a high and stable capacity of 680 (±10) mAh g-1 
(3.5 moles of Li per mole of CCZC vs. theoretical 3.33 moles of Li) up to 60 cycles when 
cycled in the voltage range of 0.005-3.0V vs. Li at the current rate of 60 mAg-1 (0.09C). 
Under similar cycling conditions, nano-CCC showed 475(±10) mAhg-1 (3.0 moles of Li 
vs. theoretical 4.25 moles of Li) stable up to 50 cycles, whereas nano-CdCO3 showed a 
capacity of 300(±10) mAhg-1 (1.9 moles of Li per mole of CdCO3 vs. theoretical 5.0 
moles of Li) at the end of 25th cycle.  
The nano-CCZC also showed stable and reversible capacities at various C- rates 
(0.09C to 1C, assuming 1C = 680 mAg-1) up to 170 cycles. On the basis of galvanostatic 
cycling, cyclic voltammetry, ex-situ- XRD, -TEM and -SAED studies, a reaction 
mechanism is proposed in which the carbonates are first reduced by Li to nano-metal (M-  
 
* Work described in this Chapter has been published /presented in the following journal 
/conference:  
 1.  J. Mater. Chem. 19 (2009), 5047-5054; 
2.  214th ECS meeting, October, 2008, Hawaii, USA.  
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= Cd, Co and Zn) particles embedded in amorphous Li2CO3 followed by the formation of 
alloys (Li-Zn and Li-Cd). Upon charging, the de-alloying reaction and metal carbonate 
(MCO3) formation occurs thereby contributing to the reversible capacity. We have shown 
for the first time that the carbonate ion (CO32-) acts as good as the oxide, fluoride or oxy-
fluoride ion in enabling the reversible ‘conversion’ and alloying-de-alloying reactions 
involving both transition and non-transition metal ions.  
5.2 Introduction 
The crucial functional components of a lithium ion battery (LIB) are anode, 
cathode and electrolyte. Depending on the choice of material for the electrodes and 
electrolyte, the voltage, capacity, longevity, and safety of a LIB can alter noticeably. 
Commercially, the choice for the anode (negative electrode) material is the speciality 
graphite and LiCoO2 is the cathode (positive electrode)[1-6]. Based on the reaction 
mechanism with lithium (Li), a variety of materials have been examined as the 
prospective anodes to replace the graphite, in order to improve the energy density and 
reduce the cost of the present-day LIBs. They can be categorized into a. Based on the Li-
intercalation-de-intercalation (e.g., Li4Ti5O12)[7], b. Based on the alloying-de-alloying 
reaction with Li (e.g., Sn-based alloys and oxides [1-6, 8-10]) and c. Based on the 
conversion reactions of the transition metal- oxides [1-6, 11-16], –oxyfluorides [17] and 
fluorides [18-21]. The compounds from each class have their own shortcomings, i.e., low 
capacity and higher potential vs. Li in the case of Li4Ti5O12 [7], enormous volume 
variation (up to ~300%) in unit cell during cycling which causes electrode degradation 
and capacity-fading in Sn- and Sb- based Li-alloy- forming compounds [1-6, 8-10] and 
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large irreversible capacity loss (ICL) during the first- cycle along with higher 
charge/discharge potential vs. Li in compounds based on the conversion reactions[11-22].  
It can be expected that a compound which can react with Li via both alloying-de-
alloying and conversion reactions would be a good choice for investigation. We have 
shown that nano-phase ZnCo2O4 [14] (Chapter 3) exhibits a stable and high reversible 
capacity of 900 mAhg-1 up to 60 cycles in the voltage range, 0.005-3.0V vs. Li. The 
alloying of Zn (Li +Zn ↔ LiZn) and the conversion reactions (Zn + Li2O ↔ZnO + 2Li;  
Co↔CoO↔Co3O4) occur in this mixed oxide in which Zn- and Co- ions act in a 
mutually beneficial manner, thereby exhibiting a stable Li- cycling response. Similar 
phenomenon has been realized not only in cobaltites but also in ferrites, viz., ZnFe2O4 
and CdFe2O4 (Chapter 4). 
  In recent years, transition- and other metal- nitrides, sulphides and phosphides 
have also been investigated for their Li-cyclability [3,22]. To our knowledge, metal 
carbonates (MCO3, M = metal) have not been studied in the literature for Li-cyclability 
via alloying-de-alloying reactions. Only recently, the group of Tirado [23] reported the 
preliminary results on Li-cyclability of sub-micron sized-MnCO3 and found that 
reversible ‘conversion reaction’ occurs with Li involving the carbonate ion, with initial 
charge capacity as high as ~ 670 mAhg-1 when cycled at the current rate, 0.25 C in the 
voltage range, 0-3.0 V. However, capacity-fading was observed and a capacity of  ~ 450 
mAhg-1 was noted at the 25th cycle. It will be of interest to examine other metal 
carbonates for their Li-cyclability involving alloying-de-alloying and conversion 
reactions analogous to the mixed oxides ZnCo2O4 [14] and VSbO4 [24]  studied earlier by 
our group to achieve the high and reversible stable capacity.  Herein, the Li-storage and 
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cycling behavior of the mixed-metal carbonates, nano-size- (Cd1/3Co1/3Zn1/3)CO3, 
(Cd0.75Co0.25)CO3 and CdCO3, prepared at ambient temperature and ambient pressure by 
the precipitation technique, are reported. It is shown for the first time, analogous to the 
mixed oxides, mixed carbonate exhibits the Li-cycling via alloying-de-alloying and 
conversion reactions. Reversible capacities of 475(±10) mAhg-1 and 680 (±10) mAhg-1, 
corresponding to 3.0 and 3.5 moles of cyclable Li per mole of the (Cd0.75Co0.25)CO3 
(theoretical, 4.25 moles of Li) and (Cd1/3Co1/3Zn1/3)CO3 (theoretical, 3.33 moles of Li), 
respectively are obtained, which are stable at least up to 50 cycles when cycled at 60 
mAg-1 in the range, 0.005-3.0 V. A plausible reaction mechanism has been proposed to 
support the observed experimental data.  
5.3 Experimental 
 
The (Cd1/3Co1/3Zn1/3)CO3 is synthesized by aqueous precipitation method.  
Stoichiometric amounts (0.01M) of metal salts, CdCl2.2H2O (Merck; >98%), 
CoCl2.6H2O (M&B; >98%) and ZnCl2 (Merck; >98%) are separately dissolved in de-
ionized water (200 ml each) and then mixed together.  The solution of Na2CO3.H2O (300 
ml of 0.033M, J.T. Baker; >99%) was added drop-wise to the warm (~50oC) solution of 
mixed metal chlorides with continuous stirring. The precipitate formed was filtered and 
washed several times with de-ionized water to remove soluble impurities. The product 
was dried at 100°C for 12 h in an air oven and stored in a desiccator. CdCO3 and 
(Cd0.75Co0.25)CO3 are also prepared using stoichiometric amounts of metal salts and 
Na2CO3. H2O employing the similar procedure. 
The metal carbonates were characterized by powder X-ray diffraction (XRD) 
using the Philips X’PERT MPD diffractometer equipped with Cu-Kα radiation. The XRD 
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data were Rietveld refined using TOPAS software, R 2.1 version. The space group was 
assumed to be that of CdCO3 )3( cR .  The morphology and elemental composition were 
studied using SEM (JEOL JSM – 6700F, Field Emission Electron Microscope) with the 
EDAX attachment (JED-2300). High resolution transmission electron microscope (HR-
TEM) (JEOL JEM 2100 operating at 200 kV) was employed to establish the nano-size 
nature of the mixed carbonate. Thermogravimetric analysis (TGA) was carried out by TA 
Instruments (SDT-2960 Simultaneous DTA-TGA) at a heating rate of 5 oC min.-1, in N2- 
atmosphere. Elemental analysis for C and H, and metals- Cd, Zn and Co were carried out 
by the CHNS elemental analyzer (Elementar Vario MICRO CUBE), and inductively 
coupled plasma optical emission spectrometer (ICP-OES, Optima 5300 DV), 
respectively.   
  The electrode and coin cell fabrication procedures are similar to those described 
in Chapter 2 (Experimental techniques). The electrode area and weight of active material 
were ~2 cm2 and ~3-4 mg, respectively. The cyclic voltammetry and galvanostatic 
charge-discharge cycling of the cells were carried out at room temperature (25 oC) by 
computer controlled MacPile II (Biologic, France) unit and Bitrode multiple battery tester 
(model SCN, Bitrode, USA), respectively. Sample preparation for ex-situ -XRD, -TEM 
and -selected area electron diffraction (SAED) of the electrode in the charged- and 
discharged- state are similar to those described in Chapters, 2 and 3.  
5.4 Results and Discussion  
5.4.1 Crystal Structure, Morphology and Thermal Stability 
Metal carbonates, MCO3 (M = Ca, Co, Cd and Zn) are members of calcite family 
and adopt rhombohedral-hexagonal structure. The carbonate, CdCO3 [25] and, with some 
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effort, ZnCO3 [26] and MnCO3 [23] could be synthesized in phase- pure form at ambient 
pressure whereas CoCO3 can only be prepared under hydrothermal conditions [27,28].  In 
CoCO3, the C atoms are in triangular planar O-coordination as CO32- ions and Co is in 
octahedral coordination [28].  Presently, we have been able to prepare CdCO3 and the 
mixed carbonates, (Cd0.75Co0.25)CO3 (hereafter CCC) and (Cd1/3Co1/3Zn1/3)CO3 (hereafter 
CCZC) at the ambient temperature and pressure. The CCC and CCZC are brown and pink 
in colour, whereas, CdCO3 is white. The XRD patterns of the carbonates are shown in 
Fig. 5.1. All the peaks match well with the XRD pattern of pure CdCO3 ((JCPDS card #  
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Fig. 5.1 X-ray diffraction (XRD) patterns of (a) nano-(Cd1/3Co1/3Zn1/3)CO3 (CCZC), (b) 
(Cd0.75Co0.25) CO3 (CCC), and (c) CdCO3. Miller indices (hkl) are shown. The 
asterisk corresponds to an impurity.  
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72-1939) and ref. [25]) except for a weak and broad un-indexed peak at 2θ ~13o in 
CCZC. The latter peak can be indexed as the maximum intensity peak of zinc hydroxy 
carbonate, Zn5(OH)6(CO3)2 (JCPDS card # 72-1110) which exists as a mineral in nature.  
The hexagonal lattice parameters, evaluated from the Rietveld refined XRD data are 
given in Table 5.1. As can be seen, the values for CdCO3 compare well with those 
reported in the literature (a = 4.9298 Å; c = 16.306 Å) [25]. The smaller a and c values in 
CCC and CCZC are understandable since the average ionic radius of the cations in CCC 
and CCZC are  0.899 Å and 0.811 Å, respectively, for octahedral O-coordination and 
high spin Co2+ in comparison to the ionic radius of Cd2+ (0.95 Å)[29].  
Table 5.1 Crystal data, theoretical and experimental reversible capacity values of CCZC 
(Cd1/3Zn1/3Co1/3)CO3, CCC (Cd0.75Co0.25)CO3 and CdCO3 in the cycling voltage range, 
0.005-3.0 V vs. Li at 60 mAg-1. The values given in parenthesis are the number of moles 
of Li per mole of compound. 
         
       a Calculated from XRD data using Scherrer’s equation.  
Observed 1st cycle 
 capacity, (±10) mAhg-1
Capacity at Nth 
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     b Cycled in the voltage range, 0.005-1.5V at 0.09C. 
 
 184
The as-prepared CCZC is thermally stable up to at least 200°C and the XRD 
patterns are unaffected in both 6 h-heated (hereafter CCZC 200-6) and 12 h-heated 
(hereafter CCZC 200-12) compound in comparison to Fig. 5.1a (Figs. 5.2 a-c). We note  
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Fig. 5.2 XRD patterns of (a) bare (Cd1/3Co1/3Zn1/3)CO3 (CCZC) (adopted from Fig. 5.1a), 
(b) heat-treated CCZC at 2000C for 6 h (CCZC 200-6), (c) heat-treated CCZC at 
200oC for 12 h (CCZC 200-12) and (d) heat-treated CCZC at 280oC for 6 h 
(CCZC 280-6). Lines assigned to the metal oxides are indicated.  Miller indices 
(hkl) of bare CCZC are shown. The peaks due to Al-sample holder in (b) are 




that the broad peak at 2θ ~ 13o appearing in the XRD pattern of as-prepared CCZC is 
absent after 200oC heat treatment. The CCZC decomposed when heated in air at 280oC 
for 6 h (hereafter CCZC 280-6) to the respective metal oxides, CdO, Co3O4 and ZnO (Fig. 
5.2d). The carbonates, MCO3 (M= Cd, Co and Zn) are not known to contain any water of 
hydration. However, since CdCO3, CCC and CCZC are prepared by precipitation from 
aqueous solutions, it is highly likely that they contain both physisorbed and chemisorbed 
water. In order to establish the amount of H2O as well as the thermal stability, TGA was 
carried out in N2 atmosphere up to 600°C on as-prepared CCZC. The TGA curves 
showed that bare CCZC undergoes a weight loss of 9.25% starting at ~200°C and 
extending up to ~280°C (Fig. 5.3). The weight loss of ~9.25% up to ~280oC which can be 
ascribed to the chemisorbed water in the CCZC corresponds to ~0.8 mole of H2O per 
mole of CCZC (Fig. 5.3a). The TGA curves of the CCZC 200-6 (Fig. 5.3b) and CCZC 
200-12 (Fig. 5.3c) showed almost identical weight loss of ~6.0% up to ~280°C. The latter 
value corresponds to 0.5 mole of H2O per mole of CCZC. The TGA curves also show 
that the weight loss is completed at ~370oC, due to the formation of metal oxides and 
evolution of CO2 gas which is in accordance with XRD data of CCZC 280-6 (Fig. 5.2d).          
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 Fig.5.3 Thermogravimetric analysis (TGA) curves at the heating rate of 5 oC min-1, in 
nitrogen atmosphere. (a) Bare (Cd1/3Co1/3Zn1/3)CO3 (CCZC), (b) heat-treated 
CCZC at 200oC for 6 h (CCZC 200-6) and (c) heat-treated CCZC at 200oC for 
12 h (CCZC 200-12). Weight loss up to 280oC is 9.25% in (a) bare CCZC and ~ 
6% in (b and c) heat-treated CCZCs.  
 
 
Chemical analysis was carried out on the as-prepared CCZC and CCZC 200-12 
for all the elements except oxygen by (ICP-OES) and CHNS- analyzers. For CCZC the 
values, which are an average of three determinations and accurate to (±1.5) wt.%, are: 
Cd: 29.1, Co: 12.1, Zn: 18.1, C: 5.7 and H: 1.0. The formula derived from these data is, 
(Cd0.33Co0.27Zn0.36)(CO3)0.6. 0.8H2O in comparison to the expected theoretical formula, 
(Cd0.33Co0.33Zn0.33) (CO3). 0.8 H2O, the water content assumed from the TGA data. For 
CCZC 200-12 the values, accurate to (± 1.5) wt.% are: Cd: 29.9, Co: 12.5, Zn: 18.8,C:  
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4.7 and H: 0.7. The formula derived from these data is, 
(Cd0.33Co0.26Zn0.35)(CO3)0.5.0.5H2O in comparison to the expected theoretical formula, 
(Cd0.33Co0.33Zn0.33) (CO3).0.5 H2O. Thus, we conclude that the chemical analysis data are 
in reasonable agreement with the expected values, and are further supported by EDAX 
analysis. 
The SEM image of nano-CdCO3, CCC and CCZC are shown in Figs. 5.4 a,b and 
c, respectively. As can be seen, all the compounds show the agglomeration of fine 
particles in the different morphologies. The mixed- carbonate CCC and CCZC exhibit 
sphere and flower-like agglomeration, respectively. The EDAX spectrum along a selected 
portion of the SEM of CCZC is shown in Fig. 5.5a and inset. The presence of all the 
elements, except hydrogen is clearly seen in the spectrum (Fig. 5.5). The chemical 
formula, derived from the atom% values and normalized to cadmium content, is 
(Cd0.33Co0.33Zn0.38)(CO3)0.9. This matches very well with the chemical analysis data, 
except for the oxygen content given in Fig. 5.5b. The reasons for the discrepancy could 
be attributed to the limitation of EDAX analysis to quantify the exact amount of lighter 





 Fig.5.4 SEM photographs of (a) nano-CdCO3, (b) nano-(Cd0.75Co0.25)CO3 (CCC). Sphere 
-like agglomerates of fine particles are seen, Scale bars are 2µm. (c) SEM 
photograph of nano-(Cd1/3Co1/3Zn1/3)CO3 (CCZC). Flower-like agglomerates of 
nano-size flakes/needles are seen. Scale bar is 100 nm. (d) TEM image of CCZC 
showing the needle-shape morphology.  Scale bar is 100 nm.   
             
latter value is not clear at present. The TEM image shows the needle-shape morphology 
with length, 100-200 nm and thickness, 5-10 nm, thereby confirming the nano-size nature 
of CCZC (Fig. 5.4d). From the XRD data, the crystallite size of CCZC is estimated to be 
55 (±5) nm using the Scherrer’s equation, P = Kλ / (β1/2cosθ) [30]. Here, K is a constant 
(0.9), λ is the wavelength of Cu-Kα radiation in Å (1.54059), β1/2 is the full width at half 
maximum (FWHM) of maximum intensity peak (104) in radians (equivalent to 0.14o 
after subtracting the instrumental broadening of 0.15o, estimated using standard 
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compounds, LiNbO3 and LiCoO2) and θ is the scattering angle. The crystallite sizes for 
CCC and CdCO3 have also been calculated and given in Table 5.1.  
 
 
Fig. 5.5 (a) The EDAX spectrum of bare-(Cd1/3Co1/3Zn1/3)CO3 (CCZC). The peaks due to 
elements, Cd, Co, Zn, C and O are shown.  Inset shows the SEM micrograph of 
bare-CCZC and line indicates the selected part used for EDAX. Scale bar is 10 
µm. (b) Quantitative analysis data, as atom % values are shown. 
 
5.4.2 Electrochemical Characterization  
5.4.2.1 Galvanostatic Cycling:  CCZC-Li System  
Figs. 5.6a, b show the galvanostatic cycling response in the form of voltage vs. 
capacity profiles of CCZC, in the voltage range 0.005-3.0 V vs. Li at the current, 60 
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mAg-1 (0.09C). The voltage profiles of selected cycles only are shown in Fig. 5.6b for the 
sake of clarity. Firstly, the cell is discharged from the open circuit voltage (OCV~2.6V) 
to 0.005 V vs. Li and the voltage profile comprises a plateau region (~1.1V) till a 
capacity of 500(±10) mAhg-1 (consumption of 2.6 moles of Li per mole of CCZC) is 
reached. This is followed by a continuous sloping region up to the cut-off voltage, 
0.005V and yields a capacity, 1790(±10) mAhg-1 (~9.3 moles of Li) (Fig. 5.6a). The first- 
charge profile up to 3.0 V is devoid of clear voltage plateau regions up to ~2.4 V, after 
which the voltage rises steeply indicating significant polarization of the electrode. The 
overall charge capacity is 920 (±10) mAhg-1 (~ 4.8 moles of Li) (Fig. 5.6a). Discharge 
and charge capacity values in the 2nd cycle are 990 (±10) mAhg-1 and 810 (±10) mAhg-1, 
respectively. The capacity vs. cycle number plot for CCZC extracted from Figs. 5.6a and 
b are shown in Fig. 5.6c. The reversible capacity values decrease up to first few cycles, 
but thereafter, almost constant capacity value of 680 (±10) mAhg-1 (3.5 moles of Li) in 
the range, 0.005-3.0 V is noted till 60 cycles. The coulombic efficiency (η) between the 
discharge and charge capacities is >98% in the range 10-60 cycles. Two more duplicate 
cells were cycled under same conditions as in Fig. 5.6c, and the capacity vs. cycle 
number plots up to 40 and 20 cycles (data not shown) overlap very well with the plot in 
Fig. 5.6c thereby showing very good reproducibly of the CCZC-Li system.  
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Fig. 5.6 The voltage vs. capacity profiles of nano-(Cd1/3Co1/3Zn1/3)CO3 (CCZC) in the 
voltage window, 0.005-3.0V vs. Li at the current rate of 60 mAg-1 (0.09C) at room 
temperature. (a) The first cycle. (b) The profiles during the 2-25 cycles. Only 
selected cycles are shown for clarity. The numbers refer to the cycle number. (c) 
The capacity vs. cycle number plots in the voltage range, 0.005-3.0 V and 0.005-
1.5 V at the current of 60 mAg-1 (0.09C) (1C = 680 mAg-1). The filled and open 
symbols represent discharge and charge capacities, respectively. (d) Capacity vs. 
cycle number plot in the voltage range, 0.005-3.0 V at various current (C) rates of 
CCZC. For the sake of clarity, data for selected C-rates are shown (1C = 680 
mAg-1). Filled and open symbols correspond to discharge- and charge- capacities, 
respectively.  
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 The Li-cyclability of the 200°C-heat treated CCZC for 6 h (CCZC 200-6) and 12 
h (CCZC 200-12) have also been studied up to 45 and 60 cycles, at 60 mAg-1 (0.09 C) in 
the range, 0.005-3.0 V, respectively. The capacity vs. cycle number plots are shown in  



























Fig. 5.7 Capacity vs. cycle number plot of 200oC-heat treated (Cd1/3Co1/3Zn1/3)CO3 
(CCZC) in the voltage range, 0.005-3.0V vs. Li at the current rate, 60 mAg-1 
(0.09C). (a) CCZC 200-6 up to 45 cycles. As can be seen, the reversible capacity 
stabilizes to 720 (±10) mAhg-1 at the 45th cycle. (b) CCZC 200-12 up to 60 cycles. 
 
Figs. 5.7a and 5.7b, respectively. Both compounds exhibited a qualitatively similar 
behaviour to that of the bare- CCZC. The first-discharge and charge capacities are 1420 
(±20) mAhg-1 and 820 (±20) mAhg-1, respectively, corresponding to 7.3 and 4.2 moles of 
Li per mole of CCZC. These are smaller in comparison to the respective values shown by 
the bare- CCZC (9.3 and 4.8 moles of Li) indicating the effect of heating the CCZC and 
removal of some adsorbed water. Nevertheless, an increase in the heating time from 6 h 
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to 12 h does not show any significant effect on first discharge and charge capacity values 
but exhibits an effect on capacity retention on subsequent cycling.  In CCZC 200-6, 
capacity-fading was observed up to 8-10 cycles, after which the reversible capacity 
slowly increased and stabilized to a value of 720 (±10) mAhg-1 (3.7 moles of Li) at the 
end of 45 cycles (Fig. 5.7a). The η is 96-97%. This compares well with that observed in 
the as-prepared CCZC, viz., 680 (±10) mAhg-1. On the other hand, the CCZC 200-12 
shows a continuous capacity-fading, at the rate of 5 mAhg-1 per cycle, in the range, 5-60 
cycles (Fig. 5.7b). The reason for the latter behaviour is not understood at present, since 
the TGA showed that the water content is almost the same in both CCZC 200-6 and 
CCZC 200-12 (Fig. 5.3). However, water content present in the sample reacts with 
electrolyte, LiPF6 to degrade the salt and decrease the concentration of the electrolyte, 
therefore, it is detrimental to the long term Li-cyclability. 
The Li-cyclability of CCZC was also examined with an upper cut-off voltage of 
1.5V in order to restrict the cycling to the voltage regions in which only Li-alloying-de-
alloying reactions take place. At the 0.09 C-rate, the voltage-capacity profiles (not 
shown) are similar to those measured with an upper cut-off of 3.0V. As expected, the first 
charge capacity value is smaller: 550 (±10) mAhg-1. On subsequent cycling, the 
reversible capacities showed a decreasing trend, and after 10-15 cycles, stabilized to a 
value of 290 (±10) mAhg-1, which corresponds to 1.5 moles of Li per mole of CCZC 
(Fig. 5.6c). 
5.4.2.2 Rate Capability of CCZC-Li System   
The rate capability of CCZC was investigated at various C-rates assuming 1C = 
680 mAg-1 which means that the full capacity is deliverable in 1 h. The C-rate was 
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changed in an increasing order in steps from 0.09 to 1C and then subsequently decreased 
to 0.3 C. At each C-rate, the electrode was subjected to 25-30 cycles and the results are 
shown as capacity vs. cycle number plot in Fig. 5.6d. As can be seen, at each C-rate the 
capacity remained fairly stable during cycling. We note that a capacity of 360 (±10) and 
220 (±10) mAhg-1 are observed at 0.6 C and 1C, respectively. By decreasing the C-rate 
from 1 C to 0.3 C, the reversible capacity increases to 375 (±10) mAhg-1. Thus, we 
conclude that CCZC shows good C-rate characteristics for long term cycling, up to 170 
cycles with a η ~97-98%.  
5.4.2.3 Galvanostatic Cycling of CCC-Li and CdCO3-Li Systems 
A comparison of the Li-cycling behavior of CCZC with CCC ((Cd0.75Co0.25)CO3) 
and CdCO3 is of relevance and the galvanostatic cycling profiles at 60 mAg-1 in the 
voltage range, 0.005-3.0 V are shown in Fig. 5.8. The data are given in Table 5.1. As can 
be seen, the voltage–capacity profiles are qualitatively similar and the first-cycle 
capacities are smaller in comparison to those observed in CCZC (Figs. 5.6a,b and Table 
5.1). Also, the reversible capacities show a decreasing trend till 10-15 cycles, after which 
they stabilize to more or less constant values. The capacity at the end of 25th cycle for 
CdCO3 is 300(±10) mAhg-1 (1.9 moles of Li) whereas for CCC the value at the 50th cycle 
is 475(±10) mAhg-1 (3.0 moles of Li) (Fig. 5.8 and Table 5.1). Thus, the presence of 
cobalt in the lattice has a beneficial effect on the Li-cyclability of CdCO3, and along with 
an optimum amount of Co, combined with the alloying-de-alloying reactions of Zn as in 













































Fig. 5.8   The voltage vs. capacity profiles of (a) CdCO3 and (b) (Cd0.75Co0.25)CO3 (CCC) 
in the voltage window, 0.005-3.0V vs. Li at the current rate of 60 mAg-1  at 
room temperature. Only selected cycles are shown for clarity. The numbers 
refer to the cycle number. (c) The capacity vs. cycle number plots.  The filled 
and open symbols represent discharge and charge capacities, respectively. 
 
5.4.2.4 Ex-situ -XRD, -TEM and -SAED Studies on Composite Electrode of CCZC  
To investigate the nature of the products formed upon cycling, ex-situ XRD and 
TEM studies were carried out on several identical cells. Fig. 5.9 shows the XRD patterns 
of the bare CCZC composite-electrode, those after discharging to 0.5V and 0.005V, and 
after 66 cycles in the charged-state (3.0V). The diffraction peaks due to CCZC 
completely disappear in the XRD patterns of the electrodes discharged to 0.5 and 0.005V, 
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indicating the amorphisation (crystal structure destruction) in agreement with the large 
voltage plateau (at ~1.1 V) seen in the first-discharge profile in Fig. 5.6a. The X-ray 
amorphous nature persists in the electrode after 66 cycles, showing thereby that the 
reversible reactions involve nano-phase carbonates (Fig. 5.9).  





















 2θ, degrees (Cu Kα-radn.)
 
Fig. 5.9 Ex-situ XRD patterns of the electrodes of bare- (Cd1/3Co1/3Zn1/3)CO3 (CCZC), 
and those discharged to 0.5V, 0.005V, and charged to 3.0 V after 66 cycles. Lines 
due to Cu-substrate are shown. Miller indices of the bare-CCZC are indicated. 
 
   The electrode charged to 3.0 V after 30 charge-discharge galvanostatic cycles 
was analyzed by ex-situ HR-TEM and SAED studies (Fig. 5.10). The nano-crystalline 
regions which were not detected by XRD can now be seen in the HR-TEM lattice image. 
In Fig. 5.10a, the presence of crystalline regions of size, 5-10 nm dispersed in the 
amorphous regions is seen. The evaluated interplanar distances (d-values), 3.49 (±0.05) Å 
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and 2.77 (±0.05) Å of these nano-crystalline regions match fairly well with the d-values 




Fig. 5.10 Ex-situ TEM of nano-(Cd1/3Co1/3Zn1/3)CO3 (CCZC) charged to 3.0 V after 30 
cycles. (a) High resolution lattice image. The nano-crystalline regions dispersed 
in amorphous regions are clearly seen. The derived d-values (interplanar 
spacings) corresponding to the crystalline regions are shown. Scale bar is 5 nm.  
(b) The corresponding SAED pattern. The Miller indices corresponding to the 
diffuse spots are assigned to the metal carbonates (M’CO3, M’ = Cd, Co or Zn). 
Scale bar is 5 nm-1. 
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0692), respectively. The d-value of 2.49 (±0.05) Å can be ascribed to the (110) plane of 
CdCO3 (JCPDS card # 72-1939). The SAED pattern shows diffuse spots/rings confirming 
the existence of nano-crystalline regions in the amorphous medium (Fig. 5.10b). The d-
values, 2.78 (±0.05) Å, 1.92 (±0.05) Å and 1.41 (±0.05) Å, derived by measuring the 
diameter of rings/spots about the center, can be assigned to the (104), (202) and (214) 
planes of both CoCO3 and ZnCO3, respectively. The d-values of 2.48 (±0.05) Å and 2.04 
(±0.05) Å from the SAED pattern are ascribed to (110) and (202) planes of CdCO3, 
respectively. Thus, we conclude that the products formed upon charging the electrode to 
3.0 V after 30 cycles are the metal carbonates, viz., CdCO3, ZnCO3 and CoCO3 
separately and the re-formation of starting material (CCZC) is not seen. We may mention 
here that the formation of nano-CoCO3 under the ambient electrochemical conversion 
reaction conditions is not unexpected, even though it is known that bulk-CoCO3 can only 
be synthesized under hydrothermal conditions. We also point out that we did not see any 
sign of the metal oxide (e.g., CoO, ZnO or CdO) in the ex-situ HR-TEM and SAED data 
of the cycled and charged electrode. 
5.4.2.5 Reaction Mechanism   
Based on the galvanostatic cycling and ex-situ- XRD, -HR-TEM and -SAED data, 
the following reaction mechanism is proposed in which the CCZC reacts with Li via 
‘conversion’ reaction through amorphisation of the lattice and formation of Cd, Co and 
Zn nano- metal-particles, and Li2CO3 in the first- discharge reaction (Eqn. 5.1). This is 
followed by Li-Cd and Li-Zn alloy formation upon deep discharge to 0.005V (Eqns. 5.2 
and 5.3). In the charge cycle, the alloys revert back to metal nano-particles via de-
alloying reaction, which subsequently form the individual metal carbonates (M’CO3) as 
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per the forward reaction of Eqn. (5.4). Subsequent discharge-charge cycling involves the 
reversible reaction of Eqns. (5.2)-(5.4). 
(Cd1/3Co1/3Zn1/3)CO3 + 2 Li+ + 2 e-→ 1/3 (Cd + Co + Zn) + Li2CO3  (e = electron)                   
--- (5.1) 
1/3 Cd + Li+ + e- ↔ 1/3 (Li3Cd)                                                                         ---(5.2) 
1/3 Zn + 1/3 Li+ + 1/3 e- ↔ 1/3 (LiZn)                                                               ---(5.3) 
1/3 M’ + Li2CO3 ↔ 1/3 (M’CO3) + 2 Li+ + 2 e-     (M’= Cd, Co and  Zn)        ---(5.4) 
    Support for Eqn. (5.2) comes from studies on the Li-Cd alloy system by Huggins 
and co-workers [8,31,32]  who established the formation/decomposition of Li3Cd. Present 
study on CdCO3 and CCC, and studies on CdO-Li system are discussed in Appendix (pp. 
260) also support the Eqn. (5.2). As can be seen from Table 5.1 and Fig. 5.8, the observed 
first-charge capacities of CdCO3 and CCC correspond to 4.1 and 4.4 moles of Li, 
respectively in comparison to the theoretical values of 5.0 and 4.25 moles of Li assuming 
both alloying-de-alloying and conversion reactions of Cd. 
Confirmation of the reversibility of Eqn. (5.3) comes from studies on the Zn-Li 
system [32], ZnO-Li system [33,34] and our studies on ZnCo2O4 [14]. Validity of Eqns. 
(5.2) and (5.3) also comes from the Li cyclability data of CCZC in the restricted voltage 
range, 0.005-1.5 V, which ensures that only alloying-de-alloying reactions contribute to 
the reversible capacity. As will be discussed below, cycling voltammetry shows that Li-
alloying-de-alloying reactions involving Zn and Cd are completed below 1.5V. From Fig. 
5.6c and Table 5.1, a stable capacity of 1.5 moles of cyclable Li is measured in the range 
of 10-30 cycles in comparison to the theoretical value of 1.33 moles of Li. Finally, 
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observation of 680 (±10) mAh g-1 (3.5 moles of Li, vs. theoretical 3.33) in CCZC up to 
60 cycles confirms the operation of Eqns. (5.2-5.4). 
         It must be pointed out that the large ICL values during the first discharge-charge 
cycle appear to be one of the drawbacks of the CCZC-Li system (Table 5.1 and Figs. 5.6-
5.8). Fairly large ICL values are also encountered when dealing with nano-phase 
oxide/mixed oxide and carbonate systems, as reported in the literature [9,11,14,23,32-34]. 
This is ascribed to the formation of solid electrolyte interphase (SEI) and polymeric layer 
upon deep discharge (to 0.005V vs. Li) on the metal nano-particles. Irreversible 
consumption of Li and decomposition of the solvents in the electrolyte take place due to 
the above two processes. In CCZC, however, the presence of physisorbed and 
chemisorbed water, in both as-prepared and 200°C-heat treated CCZC, contribute to the 
additional consumption of Li, due to the formation of LiOH (and hydrogen), during the 
reaction of Eqn. (5.1). The fact that the observed excess capacity slowly degrades during 
2-8 cycles in CCZC and CCC, and stabilize to a constant value on subsequent cycling 
indicates that the OH-ion (in LiOH) does not act as a stable anion for Li-cycling (Table 
5.1 and Figs. 5.6-5.8). 
         It will be of relevance to discuss the possibility of decomposition of the CCZC to 
the respective oxides, as per Eqn. (5.5) and the participation of MO in Li-cycling, instead 
of through the Eqn. (5.4) mentioned above.   
           MCO3     →   MO + CO2         (M = Cd, Co and Zn)                                   ---(5.5) 
The Gibbs free energy of formation (∆Gf) data are available in the literature for 
MCO3 (M=Cd, Zn and Co) [35-37], MO (M=Cd, Zn)[36], CoO[19], Li2CO3[38] and CO2 
[36]. The values are listed in Table 5.2. The value of ∆Gf for CCZC and 
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(Cd1/3Co1/3Zn1/3)O are calculated to be, -689 kJ mol-1 and -253 kJ mol-1, respectively, 
assuming solid solution formation (ideal mixing) from the individual  MCO3 and MO 
[35]. The ∆G for the Eqn. (5.5) with CCZC is +42 kJ mol-1, and hence it is not a 
spontaneous reaction under ambient conditions. Even if some decomposition were to  
Table 5.2 Change in Gibbs free energy of formation (∆ Gf ) as per the forward reaction of 
Eqns. (5.5) or (5.1). The electromotive force (E, Volts) values are calculated using 
Nernst’s equation (∆ G = - n.E.F) where F is the Faraday constant and n = 2, the number 
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-671 (M = Cd) 
-731 (M = Zn) 



























                

















a By convention, ∆ Gf  of elements (Li and M) in their standard states is zero.  
 
b Calculated from the respective values of MX (X= CO3 or O), assuming solid solution 
formation (ideal mixing), according to equation, ∆Gf (MX) = 1/3 ∆Gf (CdX + CoX + 
ZnX) + RT (ln (1/3)), where R is gas constant and T =  298 K [35]. 
 
occur, as per the forward reaction of Eqn. (5.5) in the presence of Li under ambient 
electrochemical conditions, the liberated CO2 gas, which is not soluble in the solvents of 
the electrolyte [39], will drive it backwards by the mass-action effect. In support of this 
argument, the ex-situ TEM and ex-situ SAED of the charged electrode, indeed show the 
formation of MCO3, and not MO in the charged-state. Interestingly, it may be mentioned 
that the ∆G  for Eqn. (5.1) is - 443 kJ mol-1 (+2.3 V, according to the Nernst formula 
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[19]) (Table 5.2) which means a spontaneous reaction, and indeed, the galvanostatic 
cycling data discussed earlier and cyclic voltammetry, discussed below, lend complete 
support to the Eqns. (5.1)-(5.4) and the Li-cyclability of CCZC.  
5.4.2.6 Cyclic Voltammetry  
Cyclic voltammetry is a complementary technique to the galvanostatic cycling 
and helps in understanding the nature and potentials at which the discharge-charge 
reactions take place in the electrode material. Fig. 5.11a shows the cyclic voltammograms  
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Fig. 5.11 (a) Cyclic voltammograms (CVs) of nano-(Cd1/3Co1/3Zn1/3)CO3 (CCZC) in the 
potential window, 0.005-3.0 V vs. Li at the slow scan rate of 58 µVs-1. Li metal 
was the counter and reference electrode. The numbers indicate the cycle 
number. (b) The CVs of 61-66 cycles. The cell was first subjected to 60 cycles 
galvanostatically at 0.09C-rate in the range, 0.005-3.0V and the CVs were 
recorded.  
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Li-metal acting as the counter and reference electrode. A slow scan rate of 58 µVs-1 was 
employed. The intense cathodic (reduction) peak at 0.8 V with an onset at ~1.2V is 
ascribed to crystal structure destruction (amorphisation) and the formation of metal nano-
particles, Cd, Zn and Co and Li2CO3 (Eqn. 5.1). This is followed by a very low intensity 
peak at 0.6 V which can be attributed to the formation of intermediate alloy- phase, Li-
Cd. The long tail at potentials below 0.4 V and extending up to 0.005 V can be attributed 
to the formation of Li3Cd [8,31,32] and LiZn [8,14,16,32-34] (forward reactions of Eqns. 
5.2 and 5.3). The first- charge sweep (Li-extraction) shows no clear peaks till 0.8 V, 
indicative of a gradually occurring de-alloying reaction. The broad anodic peaks at ~1.2 
V and ~2.0 V are indicative of the metal- carbonate formation (forward reaction of Eqn. 
5.4). The second discharge sweep (Li-insertion) differs from the first and shows a split 
cathodic peak at ~1.3-1.4 V. This is attributed to the dissociation of Zn-, Co- and Cd- 
carbonates to the metal nano-particles, followed by the alloying reaction of Cd and Zn 
with Li starting at ~0.6 V. The trends in the CV during 2-6 cycles show the same 
qualitative behavior except for the gradual shift in cathodic peak positions to lower 
potentials and a broadening of the anodic peaks.  
  The CV recorded after subjecting the CCZC electrode galvanostatically to 60 
cycles, at 0.09C in the range 0.005-3.0 V, is shown in Fig. 5.11b. As can be seen, the 61-
66 cycle CVs overlap well, indicating good reversibility of the charge-discharge 
reactions. The broad cathodic peaks at ~2.1 V and ~1.2 V correspond to the 
decomposition of the metal carbonates and initiation of the alloying reactions, 
respectively. The broad and low intensity anodic peaks at ~0.3 V and ~0.6 V represent 
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the de-alloying reactions. The broad anodic peak in the range, 1.4-2.3 V correspond to the 
re-formation of the metal carbonates.  
The CVs of CdCO3 and CCC ((Cd0.75Co0.25)CO3)  have also been recorded up to 6 
cycles in the same potential range and scan rate as of CCZC, and they are shown in Fig. 
5.12a and 5.12b, respectively. They bear very good qualitative, and to some extent 
quantitative resemblance to the CVs of CCZC. The cathodic and anodic peak potentials  





































Fig. 5.12 Cyclic voltammograms (CVs) in the potential window, 0.005 -3.0 V vs. Li at 
the slow scan rate of 58 µVs-1. Li metal was the counter and reference electrode: 
(a) CdCO3 and (b) (Cd0.75Co0.25)CO3 (CCC). The numbers indicate the cycle 
number.  
 
also match well. Notably, the second cathodic peak, which occurs as a clearly split 
(double) peak in CCZC is barely split in the CV of CCC, and occurs only as a single peak 
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in CdCO3. This indicates that the peak-splitting is caused by the presence of Co and Zn in 
CCZC. The areas under the peaks, both cathodic and anodic, decrease with an increase in 
the cycle number from 2 to 6, indicating capacity-fading in both CdCO3 and CCC. Thus, 
the CV of the three carbonates corroborates the galvanostatic cycling data and the 
proposed reaction mechanism.  
5.5 Conclusions and Significance  
 Nano- CdCO3, -(Cd0.75Co0.25)CO3 (CCC) and -(Cd1/3Co1/3Zn1/3)CO3 (CCZC) have 
been prepared for the first time by precipitation technique under ambient conditions. 
They were characterized by XRD, TGA, SEM, TEM and SAED studies. Li-cyclability is 
examined by means of galvanostatic cycling and cyclic voltammetry in the range of 
0.005-3.0V at a current of 60 mAg-1 (0.09 C) and scan rate of 58 µVs-1 vs. Li, 
respectively. Nano-CdCO3 exhibited a reversible capacity of 300(±10) mAhg-1 at the end 
of 25th cycle, corresponding to 1.9 moles of Li per mole of CdCO3 as compared to the 
theoretical 5.0 moles of Li. Presence of cobalt in the lattice shows a beneficial effect on 
the Li-cyclability of CdCO3, and along with an optimum amount of Co, combined with 
the alloying-de-alloying reactions of Zn as in CCZC, a high and stable reversible 
capacities of 475(±10) and 680(±10) mAhg-1 at the end of 50 and 60th cycle are realized 
for nano-CCC and nano-CCZC, respectively. These values correspond to 3.0 and 3.5 
moles of Li per mole of the compounds as compared to the theoretically expected values 
of 4.25 and 3.33 moles of Li, respectively. The nano-CCZC showed stable and reversible 
capacities at various C- rates up to 170 cycles. At 0.6 C, the observed capacity of 360 
(±10) mAhg-1 is comparable to the theoretical capacity (372 mAhg-1) of the graphite used 
in the present-day LIBs.  
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For the first time Li-cycling via ‘alloying-de-alloying’ and ‘conversion’ reactions 
involving the CO32- ion, with a stable and high reversible capacity in CCC and CCZC are 
realized when cycled at  60 mAg-1 (0.09 C) in the range, 0.005-3.0 V vs. Li. The 
underlying reaction mechanism is well supported by ex-situ -XRD, -TEM, -SAED and 
cyclic voltammetry studies. The conversion reactions involving carbonate anions are also 
verified by thermodynamics calculations.  
The present study on mixed-metal carbonates is significant in several ways: 1. For 
the first time, we have shown that the carbonate ion (CO32-) acts as good as the oxide, 
fluoride or oxyfluoride ion in enabling the reversible conversion and alloying-de-alloying 
reactions involving both transition and non-transition metal ions. This opens up the 
possibility of studying many other mixed-metal-carbonates, especially in efforts to 
reduce/eliminate the toxic cadmium, for their Li-cyclability as prospective anodes for 
LIBs. 2. Similar to the case of mixed oxides, like ZnCo2O4 [14] and VSbO4 [24], we 
showed that it is a viable strategy to enhance the obtainable reversible capacities with 
metal-carbonates employing both conversion and alloying-de-alloying reactions. 3. The 
facile synthesis of nano- mixed-metal carbonates at the ambient temperature and 
pressure, offers the scope for further optimization of synthesis conditions to reduce the 
adsorbed H2O, e.g., by employing partly or fully non-aqueous solutions. This should 
bring down considerably the ICL during the first-cycle. Also, carbon-coating during the 
synthesis by precipitation may enable better inter-particle connectivity and electronic 
conductivity of the electrode, as was shown in C-coated CaMoO4 [40] resulting in an 
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Li-storage and cyclability of nano-sized amorphous or crystalline 
Sn-based ternary oxides as anode materials for Li-ion batteries* 
 
6.1 Abstract 
The nano-composite ‘CaO.SnO2’ and crystalline- ASnO3 (A= Ca and Cd) are 
prepared by thermal decomposition of the precursors, CaSn(OH)6 and CdSn(OH)6 in air, 
respectively, and characterized by X-ray diffraction (XRD), thermal gravimetric analysis 
(TGA), high resolution transmission electron microscopy (HR-TEM) and selected area 
electron diffraction (SAED) techniques. Nano-size (3-6 nm) grains of CaO and SnO2 in 
the X-ray amorphous ‘CaO.SnO2’ and particles of the sizes of ~60 and ~30 nm are 
obtained for nano-CaSnO3 and CdSnO3, respectively. The galvanostatic cycling of the 
compounds vs. Li-metal is performed in the voltage windows, 0.005-1.0 V and 0.005-1.3 
V at the current rate, 60 mAg-1 (~0.12C, 1C = 490 mAg-1). A stable and reversible 
capacity of 490(±5) and 550(±5) mAhg-1 are obtained up to 50 cycles, respectively in the 
above mentioned voltage windows for nano-‘CaO.SnO2’. These values correspond to 3.8 
and 4.2 moles of Li per mole of ‘CaO.SnO2’, respectively. Nano-CaSnO3 and -CdSnO3 
show stable capacities of 440(±5) mAhg-1 (~3.4 Li) and 475 (±5) mAh g-1 (~5 Li) for at 
least 40 cycles when cycled between 0.005 to 1.0 V. However, in the range of 0.005-
1.3V, both compounds exhibit capacity-fading. Cyclic voltammetry studies complement  
*The work described in this Chapter is published / presented in the following journals 
/conference: 
1. Chem. Mater. 20 (2008), 6829-6839; 
2. J. Power Sources 192 (2009), 627-635; 





the galvanostatic cycling data and reveal the average discharge and charge potentials to 
be ~0.2 V and ~ 0.4 or 0.5V, respectively for ASnO3. The proposed reaction mechanism 
is supported by ex situ- XRD, -TEM and -SAED studies. The electrochemical impedance 
spectra were measured during the first and 10th cycle for CdSnO3, and first and 11th 
discharge cycle for ‘CaO.SnO2’, and were fitted to an equivalent circuit to evaluate the 
impedance parameters including the ‘apparent’ chemical diffusion coefficient (DLi+) of 
Li. The bulk impedance, Rb dominates at low voltages (≤ 0.25 V) whereas the combined 
surface film and charge transfer impedance (R(sf+ct)) and the Warburg impedance 
dominate at higher voltages, ≥ 0.25 V in both systems. The DLi+ are found to be in the 
range of 0.5 to 0.9 ×10-13cm2s-1 in the voltage range, V= 0.5 to 1.0 V during the 10th cycle 
for nano-CdSnO3, and ~0.1×10-13 cm2s-1 at V≤1.0V during the first cycle and 11th 
discharge cycle for nano-‘CaO.SnO2’. 
6.2  Introduction 
 Presently, fossil fuels are being used for most of the automobile vehicles, but 
natural sources of these fuels are limited. Therefore, extensive research is in progress to 
search alternatives to replace, partly or fully, the fossil fuels. Hydrogen-based fuel cells, 
solar cells and rechargeable batteries of high specific energy are some of the alternatives 
[1-3]. Since 1990 when Sony Company introduced the rechargeable Li-ion batteries 
(LIBs), they have fulfilled the energy requirement successfully for low-power consumer 
portable appliances like, laptops, mobile phones, camcorders [1,3-6]. For hybrid 
vehicles, space and defense applications, researches are in progress to improve the 
energy and power densities, longevity and safety-in-operation, and to reduce the cost [1-
6]. Many of the above parameters significantly depend upon the nature of electrodes 
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materials and electrolyte used in LIBs. Typically, a LIB consists of LiCoO2 as the 
positive electrode (cathode) and speciality graphite as the negative electrode (anode). 
New anode materials are expected to achieve a higher capacity than that of graphite 
(theoretical capacity, 372 mAh g-1). 
 Oxides based on tin (Sn), cobalt (Co) and iron (Fe) have been investigated 
extensively as anodes materials in recent years, since they can deliver 2-3 times the 
capacity of graphite [1,4-17]. As has been shown in the Chapters 3-5, the Co- and Fe- 
based oxides and mixed Co-doped carbonates display their maximum capacity at a higher 
potential (~ 2.0 V) vs. Li. These compounds are unsuitable for LIBs of high specific 
energy in the present designs that employ 4V-cathodes like LiCoO2 and liquid/gel 
electrolytes, because the output voltage will be only ~2.0V [1, 3-6, 12-17]. On the other 
hand, Sn-based compounds have an average charge potential of ~0.5 V vs. Li and thus 
can be considered as the suitable candidates as anode materials to replace the graphite. 
These compounds, however, are subject to the serious problem of volume variation in 
unit cell, by up to 300 %, on cycling, since the reaction mechanism involves the 
formation and decomposition of Li4.4Sn alloy [1,3-11,18-20]. This leads to capacity 
fading on long term cycling due to crumbling and cracking of the electrode material that, 
in turn, cause electronic isolation from the current collector. Recent studies have shown 
that the capacity-fading of Sn-oxides can be suppressed to some extent by using nano-
sized active material [1,3-7,18,19],  and/or addition of a matrix element [8-11,21-26] that 
can buffer the volume variation during repeated cycling, and by restricting the Li-cycling 
to an appropriate voltage window [1,4,9-11,21].  
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 During the past decade, a number of matrix elements in conjunction with the tin 
oxides have been studied. Based on the reactivity with Li, they can be categorized into 
two groups: The compounds such as, ASnO3 (A = Ca, Sr and Ba) [8,11], M2SnO4 (M = 
Mg, Mn) [23,24], SnP2O7 [22] and Sn2BPO6 [9,22] fall under the category in which 
matrix ions, such as the alkaline earth ions or Mn and the phosphate / boro-phosphate 
anions do not participate in cycling and remain electrochemically inactive in the form of 
oxides  (e.g., CaO or MnO) and Li-phosphates. Studies have shown that these inactive 
matrix components do have an impact on the maximum achievable capacity (theoretical) 
and overall Li-cyclability of the Sn-based oxides.  
        The Sn-based compounds in which matrix elements are electrochemically-active like 
Zn and Cd fall in another category. These compounds can be considered as good host 
materials without sacrificing their overall gravimetric capacity, since they can also form 
alloy with Li, in addition to Sn [24-27]. Some examples are, composites, ZnO.SnO2 and 
ZnO.2SnO2, and ZnSn2O4 [24-26]. Rong et al. [26] studied the Li-cyclability of the 
crystalline Zn2SnO4 prepared by hydrothermal method and showed an improved cycling 
performance than that of the compound prepared by ball-milling. The cycling 
performance of ‘irregular-sized’ Zn2SnO4 was found to be slightly inferior to that of the 
‘cube-shaped’ material.  
  In the present work, two matrix elements, one electrochemically-inactive (Ca) and 
the other, electrochemically-active (Cd) towards Li, have been chosen to investigate Li- 
storage and cyclability of Sn-based oxides. CaSnO3 contains SnO6 octahedra and adopts a 
perovskite structure. The general formulation of perovskite structure is ABO3, where A 
and B are metal ions, is shown in Fig. 6.1. In the simple cubic perovskite structure, A 
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ions are located at the corners of the unit cell, the O2- ions at the face centers and the B 
ions are located at the octahedral interstitial sites at the center, and is coordinated to six 
O2-. A and B ions can adopt different valency states, provided the electrical charge 
neutrality is maintained. Examples are: LiNbO3, BaTiO3, LaFeO3 and □ReO3 (□, 
vacancy).  
 
Fig. 6.1 Perovskite ABO3 structure with A and B cations occupying the corner and body 
centered positions, respectively. O2- ions occupy the face-centered sites.  
 
CaSnO3 adopts an orthorhombically-distorted perovskite structure [28]. The 
distortion in the perovskite from the cubic structure depends on the tolerance factor, 
which is related to the ionic radii of the ions for the formation of the perovskite structure. 
The tolerance factor can be defined as, )(2/ OBOA rrrrt ++= , where  ,  and are 
the ionic radii of the ions A, B and O, respectively in the compound with the formula 
ABO
Ar Br Or
3. If t = 1, the structure will be cubic and for t<1, orthorhombic or rhombohedral 
structure will occur [29]. The evaluated tolerance factor for CaSnO3 is ~0.9 (using the 
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ionic radii of Ca2+ (VIII) = 1.12 Å, Sn4+ (VI) = 0.69 Å, and O2- (VI) = 1.4 Å [30]), and 
thus, it adopts an orthorhombically-distorted perovskite structure.    
In the literature, CaSnO3 has been studied as LIB anode and found to show good 
cycling performance with a reversible capacity of 380 mAhg-1 stable up to 100 cycles in 
the voltage range 0.005-1.0 V [8,11]. However, the observed capacity value corresponds 
to only 2.9 moles of Li per mole of CaSnO3 which is quite small as compared to the 
theoretically obtainable value, 4.4 moles of Li. Therefore, scope exists to enhance the 
capacity of CaSnO3 by tailoring its particle size as well as morphology by employing 
different synthesis routes. The compound, CdSnO3 adopts an ilmenite-type rhmbohedral-
hexagonal structure which is the derivative of corundum type Fe2O3- structure where half 
of the cation sites are occupied by Cd2+ and the other half by Sn4+ [31]. Presently, 
CdSnO3 is chosen for the study as LIB anode. It is comprised of two electrochemically-
active cations towards the Li and despite the toxicity of Cd, it can consume 3 moles of Li 
to form the alloy, Li3Cd and thereby contribute to reversible capacity in addition to 4.4 
moles of Li for Sn-alloy. As a result, the theoretical reversible capacity of CdSnO3 is as 
high as 711 mAh g-1.  
Presently, X-ray amorphous nano-composite ‘CaO.SnO2’, X-ray crystalline nano-
phase CaSnO3 and CdSnO3 are prepared, characterized and their Li-cycleability have 
been investigated at room temperature in two different voltage windows, i.e., 0.005-1.0V 
and 0.005-1.3 V vs. Li.  Results show a stable and reversible capacity of 490 (±5) mAhg-1 
and 550 (±5) mAhg-1, respectively for nano-‘CaO.SnO2’ in the aforestated voltage ranges 
at least up to 50 cycles. A stable capacity of 475(±5) mAh g-1 at least up to 40 cycles is 
noted for nano-CdSnO3 when cycled in the range of 0.005-1.0V, and significant capacity 
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fading is noted when cycled in the range of 0.005-1.3V. Complementary impedance 
spectral, ex-situ XRD and -TEM data are reported and discussed. 
6.3 Experimental 
The metal chlorides, CaCl2/CdCl2.H2O (0.1M/0.03M, Fluka/Merck; >97% / 98%) 
and SnCl4 (0.1M/0.03 M, Merck; >99%), respectively were dissolved separately in de-
ionized water and then mixed together. White precipitates of CaSn(OH)6 and CdSn(OH)6 
were obtained when 0.65M/0.2M NaOH (Merck; >98%) solution was added drop wise to 
the warm (~50oC) mixed chloride solutions, respectively. The precipitate was recovered 
by filtration and washed several times with de-ionized water to remove any chloride 
impurity. It was dried at 80-100oC for 12 h and then calcined in air. The CaSn(OH)6 was 
heat treated at 400, 500, 600oC for 6 h each separately, and another batch at 600oC for 24 
h.  The precursor CdSn(OH)6 was calcined at 400oC and 600oC for 6 h separately. The 
compounds were preserved in a desiccator.  
 Structural and morphological characterizations were performed by means of X-
ray diffractometer (Philips, Expert) equipped with Cu-Kα radiation, transmission electron 
microscopy (TEM) (JEOL JEM 3010/2100 operating at 300/200 kV) and selected area 
electron diffraction (SAED) studies. Thermogravimetric analysis of CaSn(OH)6 was 
carried out by TA Instruments (SDT-2960 Simultaneous DTA-TGA) at a heating rate of 
5oC min-1 in air. Density measurements were carried out on the heat-treated compounds 
of CaSn(OH)6 using AccuPyc 1330 pycnometer (Micromeritics, USA). The compounds 
were pressed into pellets and vacuum dried for density determination. Procedure of 
composite electrode and coin cell fabrication is similar to that described in Chapter 2.  
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Electrochemical characterization was carried out using cyclic voltammetry, 
galvanostatic charge-discharge cycling and electrochemical impedance spectroscopy 
(EIS) techniques. The ex-situ -XRD, -TEM and -SAED analyses are carried out on the 
composite electrodes recovered from the cells after several charge-discharge cycles. The 
sample preparation/procedures are similar as described in Chapters 2 and 3.  
6.4 Results and Discussion 
6.4.1 Structural, Thermal and Morphological Characterization 
The XRD patterns along with the Miller indices of as synthesized-CaSn(OH)6, 
CdSn(OH)6, and those heated at different temperatures in the range, 400-600oC for 
different time duration are shown in Fig. 6.2a and 6.2b, respectively. They crystallize in 
cubic structure. The lattice parameters of ASn(OH)6 (A = Ca and Cd) are evaluated using 
Miller indices (hkl) and 2θ values by finax programme. The values are: a = 8.14(±0.02) 
Å and a = 8.02 (±0.02) Å for CaSn(OH)6 and CdSn(OH)6, respectively and match well 
















































































































Fig. 6.2(a) XRD pattern of as prepared CaSn(OH)6, and those heated in air at 400, 500 
and 600oC for 6 h each and at 600oC for 24 h. The asterisk shows the peaks due to 
Al-sample holder. (b) XRD pattern for as prepared CdSn(OH)6, and those heated 
in air at 400 and 600oC for 6 h each. Miller indices are shown.  
 
 
It is known that CaSn(OH)6 decomposes on heating at temperature, T > 250oC to 
form the composite CaO.SnO2 and at T > 500oC, forms the compound CaSnO3 [32,33]. 
The TGA and derivative of weight loss (DWL) curves of CaSn(OH)6 are shown in Fig. 
6.3. An intense peak in the DWL curve is observed at ~290oC which can be attributed to 
the decomposition of CaSn(OH)6 to form the composite CaO.SnO2. The decomposition 
reaction can be written as: 
                         CaSn(OH)6 → CaO. SnO2 + 3H2O          --- (6.1) 
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Fig. 6.3 TGA and derivative weight loss curves of CaSn(OH)6 at a heating rate of 5oC per 
min., in air. 
 
The observed weight loss, ~ 18% up to 600oC, is almost consistent with the theoretically 
estimated weight loss, ~ 20% according to the Eqn. (6.1). The low-intensity peaks 
observed in the DWL curves in the range, 50–70oC is due to desorption of the adsorbed 
water. In order to ascertain the temperature at which the composite, CaO.SnO2 transforms 
to the well defined CaSnO3, the CaSn(OH)6 was calcined in air at various temperatures.  
The XRD patterns indicate that the CaSn(OH)6 heated at 400, 500 and 600oC for 6 
h are X-ray amorphous in nature and only broad peaks with 2θ at  ~32o and ~52o are 
observed (Fig. 6.2a). The well-defined peaks corresponding to orthorhombic-CaSnO3 are 
observed only when the precursor CaSn(OH)6 is heated at 600oC for 24 h. On the other 
hand, crystalline-CdSnO3 could be prepared by heating the precursor CdSn(OH)6 at 
600oC for 6 h and well defined peaks in XRD pattern (Fig. 6.2b) correspond to the 
rhombohedral-hexagonal structure.  The lattice parameters are derived for both the 
compounds, and are given in Table 6.1. As can be seen, they match well with the reported 
values in JCPDS cards.  
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Table 6.1 Lattice parameters of synthesized CaSnO3 and CdSnO3, and comparison with 
literature data. Theoretical and observed discharge and charge capacities (corresponding 
number of moles of Li per formula unit) for nano-‘CaO.SnO2’, nano-CaSnO3 and nano-
CdSnO3 are listed. Galvanostatic cycling was carried out in the voltage range, 0.005-1.0 











parameters, (±0.02), Å --- 
a = 5.52, b = 
5.67,  c = 7.89 
a = 5.43, 
c = 14.90 
Reported lattice 
parameters, Å 
(JCPDS card ) 
--- 
a = 5.532, b = 
5.681,   c = 
7.906. 
(77-1797) 
a = 5.452, 
c = 14.947 
(34-0758) 
Theoretical first disch. 
cap., mAhg-1 







Theoretical rev. cap., 
mAhg-1 







Obs. first disch. cap     
., (±20) mAhg-1           







 Obs. first cycle  rev. 
cap., (±5) mAhg-1: (no. 
of moles of Li) : upper 
cut-off voltage,V 
480 : (3.7) : 1.0     
570 : (4.4) : 1.3 
 
420 : (3.2): 1.0 
570: (4.4): 1.3 
 
475: (5.0): 1.0 
580: (6.0): 1.3 
 
Nth cycle; rev. cap., 
(±5)mAhg-1 : (no. of 
moles of Li):  upper 
cut-off voltage, V 
 
50; 490: (3.8):1.0 
80; 465: (3.6):1.3 
 
50; 440: (3.4):1.0 
70; 380: (2.9):1.3 
 
  40; 475: (5.0): 1.0 





The crystallite sizes of crystalline-CaSnO3 and CdSnO3 were calculated using the 
Scherrer’s formula, P = Kλ / (β1/2cosθ) [34]. Here, K is a constant, λ is the wavelength of 
Cu-Kα radiation in Å, β1/2 is the full width at half maximum (FWHM) in radians and θ is 
the scattering angle in degrees. The instrumental resolution of 0.15o is determined using 
the standard compounds, LiNbO3 and LiCoO2. This value is subtracted from the 
measured FWHMs and then P was calculated. Using the FWHM of the maximum 
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intensity peak (112 for CaSnO3 and 110 for CdSnO3), λ = 1.54059 Å and K = 0.9, the 
estimated crystallite size for the CaSnO3 prepared by heating CaSn(OH)6 at 600oC for 24 
h and CdSnO3 prepared by heating CdSn(OH)6 at 600oC for 6 h are 60(±5) and 30(±5), 
respectively thereby establishing them as nano-phase. The experimentally observed 
density of X-ray crystalline-CaSnO3 (prepared at 600oC, 24 h) is 5.25(±0.05) g cm-3, and 
is slightly smaller than theoretical X-ray density of 5.52 g cm-3, which could be attributed 
to the porosity present in the compound. 
Morphological characterization was carried out on X-ray amorphous (CaSn(OH)6 
heated at 600oC; 6 h), X-ray crystalline-CaSnO3 (CaSn(OH)6 heated at 600oC; 24 h), and 
X- ray crystalline-CdSnO3 (CdSn(OH)6 heated at 600oC; 6 h) by TEM and the 
micrographs are shown in Fig. 6.4. The agglomeration of nanoparticles in X-ray 
amorphous and crystalline CaSnO3 is seen. On the other hand, X-ray crystalline CdSnO3 
showed an agglomeration of fine particles in nano-cube morphology similar to the 
observation by Tang et al. [35]. The high resolution (HR)-TEM lattice images of the X-


















Fig. 6.4 TEM images of (a) nano-‘CaO.SnO2’ and (b) nano-CaSnO3.The agglomeration 
of fine particles is seen. The scale bars are 50 nm. (c) Nano-CdSnO3 showing the 
cubic morphology. The inset shows a single cube containing agglomerated nano-
particles. The scale bars are 200 and 100 nm, respectively. 
 
 
X-ray amorphous CaSnO3 clearly displays nano- crystalline regions (size, 3-5 nm) 
dispersed in an amorphous phase (Fig. 6.5a). Some of the regions are marked as 1, 2 and 
3. Careful measurements of the interplanar d-spacings of the nano-size regions, i.e., 1 and 
2 give the values of 3.35 (±0.02) Å and 2.78 (±0.02) Å, respectively. These values can be 
assigned to the Miller indices, (110) of tetragonal SnO2 (JCPDS card # 72 – 1147) and 
(111) of cubic CaO (JCPDS card # 82-1691), respectively. However, the value of d = 
2.78 (±0.02) Å can also be indexed as the (112) plane of orthorhombic-CaSnO3 (JCPDS 
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Fig. 6.5(a) HR-TEM lattice image of X-ray amorphous nano-‘CaO.SnO2’ (The precursor 
CaSn(OH)6 heated at 600oC for 6 h.) showing the presence of nano-crystalline regions 
(size, 3-6 nm) dispersed in the amorphous region, marked as 1, 2 and 3. (b) The 
SAED pattern. The assignment of the diffuse rings to the phases CaO, SnO2 and 
CaSnO3 are shown. (c) The HR-TEM lattice image of X-ray crystalline nano-CaSnO3 
(The precursor CaSn(OH)6 heated at 600oC for 24 h). (d) The corresponding SAED 
pattern of nano-CaSnO3. (e) The HR-TEM lattice image of nano-CdSnO3 (The 
precursor CdSn(OH)6 heated at 600oC for 6 h, and (f) corresponding SAED pattern of 
nano-CdSnO3. The Miller indices assigned to the spots of CaSnO3 and CdSnO3 are 
shown.  
 
attributable to CaO, SnO2 and CaSnO3 which, however can not be indexed 
unambiguously to any one of them. The SAED pattern of the X-ray amorphous CaSnO3, 
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shown in Fig. 6.5 b, exhibits concentric diffuse rings without specific spots indicative of 
the amorphous nature of the compound as a whole. The d-values corresponding to these 
concentric rings were evaluated by measuring the diameter of the ring/spots about the 
center and they match well with the values derived from the nano-phase regions in the 
HR-TEM lattice image (Fig. 6.5a).  
The HR-TEM lattice image along with SAED pattern of X-ray crystalline CaSnO3 
are shown in Figs. 6.5c and d, respectively. The lattice fringes of the nano-size grains are 
clearly seen in Fig. 6.5c. The d-values corresponding to some of the planes are, 
2.78(±0.02) Å and 2.30(±0.02) Å which correspond to the Miller indices (112) and (022), 
respectively of the orthorhombic-CaSnO3. The SAED pattern comprises of well-defined 
but diffuse spots and some of the spots are indexed by comparing the d-values of 
crystalline CaSnO3 (Fig. 6.5d).  
The HR-TEM lattice image and SAED pattern of CdSnO3 (Figs. 6.5 e and f) 
complement the XRD data (Fig. 6.2b) and establish its ilmenite-type hexagonal crystal 
structure. As can be seen in Fig. 6.5e, the lattice planes with interplanar distances (d-
values), 4.01(±0.02) Å and 2.92 (±0.02) Å can be assigned to the (012) and (104) planes 
of hexagonal-CdSnO3. The SAED pattern (Fig. 6.5f) shows diffuse spots overlapped with 
diffuse rings which indicate the nano-phase nature of CdSnO3. The d-values that 
correspond to the spots/rings (Fig. 6.5f) are derived and the assigned Miller indices (h k l) 
correspond to different interplanar distances of hexagonal-CdSnO3 within (± 0.02) Å.  
Therefore, on the basis of XRD, HR-TEM and SAED measurements, we can 
conclude that the X-ray amorphous-phase is comprised of nano-composite–‘CaO.SnO2’ 
(and possibly a small amount of nano-CaSnO3), whereas the CaSn(OH)6 calcined at 
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600oC for 24 h and CdSn(OH)6 at 600oC for 6 h in air are comprised of nano-phase 
crystalline-CaSnO3 and -CdSnO3, respectively. Henceforth, the nano-composite is 
designated as nano-‘CaO.SnO2’ and X-ray crystalline nano-phases as nano-CaSnO3 and 
nano-CdSnO3.  
6.4.2 Galvanostatic Cycling  
  Galvanostatic cycling studies were performed on nano-CaSnO3, nano-‘CaO.SnO2’ 
and nano- CdSnO3 at a constant current, 60 mA g-1 in two voltage windows, 0.005-1.0 V 
and 0.005 -1.3 V vs. Li metal. Initial discharge processes commence from the open 
circuit voltage (~ 2.2-2.5 V) to deep discharge, 0.005 V. The results are shown in the 
form of voltage vs. capacity profiles of first discharge and charge cycle with upper cut-off 
voltages, 1.0 V and 1.3 V in Fig. 6.6a for nano-‘CaO.SnO2’ and nano-CaSnO3, and in 
Fig. 6.6c for nano-CdSnO3. The profiles from 2nd to 30/50th cycles of nano-‘CaO.SnO2’ 
and nano-CdSnO3 in the voltage range, 0.005-1.0 V are also shown in Fig. 6.6b and d, 
respectively. For clarity, only selected cycles are shown.  
The first discharge profile of nano-CaSnO3 shows a small plateau at ~ 0.8V with 
an onset at ~1.0 V followed by a sloping profile till a capacity of ~500 mAhg-1 is reached. 
Thereafter, a large plateau region sets in at ~0.20 V. The nano-‘CaO.SnO2’ exhibits a 
small shoulder plateau at ~0.8 V and then continuous sloping profile from ~0.6 V to the 
lower cut- off voltage, 0.005 V. This difference in the first- discharge profiles can be 
attributed to the presence of electrochemically inactive-CaO in nano-‘CaO.SnO2’ as com- 
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Fig. 6.6 The voltage vs. capacity profiles at the current rate of 60 mAg-1 at room 
temperature. (a) The first cycle for nano-‘CaO.SnO2’ and nano-CaSnO3 in the two 
voltage windows, viz., 0.005-1.0V and 0.005-1.3V vs. Li. (b) The profiles for 
nano-‘CaO.SnO2’ during the 2-50 cycles in the voltage window, 0.005-1.0V. (c) 
The first cycle for nano-CdSnO3 in the two voltage windows, viz., 0.005-1.0V 
and 0.005-1.3V vs. Li. (d) The profiles during the 2-30 cycles in the voltage 
window 0.005-1.0 V. For clarity, only selected cycles are shown. The numbers 
refer to the cycle number. 
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pared to the nano-CaSnO3. On the other hand, the first discharge profile of nano-CdSnO3 
tructure 
destruc
 CaSnO3 + 4Li+ + 4e- → CaO + Sn + 2Li2O  (e- = electron)              --- (6.2) 
shows a small plateau region at 1.45 V followed by a minor plateau at 0.6V and 
continuous sloping profile till the end of discharge potential, 0.005V (Fig. 6.6c). 
The electrochemical process occurring during first discharge is the s
tion or crystal lattice amorphisation reaction, in which nano-‘CaO.SnO2’/CaSnO3 
and nano-CdSnO3 react with Li to form nano-sized electrochemically inactive-CaO or 
active-Cd and Sn metal particles embedded in Li2O matrix as per the forward reactions of 
Eqns. (6.2-6.4). Further, the freshly formed nano-particles of Cd and Sn react with Li to 
form intermetallic-alloy Li3Cd and Li4.4Sn as per the forward reactions of Eqns. (6.5) and 
(6.6), respectively. The minor plateau at 0.6V in the first discharge profile of CdSnO3 is 
attributed to intermediate LiCd3 alloy formation which then merges with Li4.4Sn 
formation and subsequently Li3Cd formation. The plateau potential at 0.2V, clearly seen 
in the nano-CaSnO3 is ascribed to the Li4.4Sn formation.  This is in accordance with the 
mechanism proposed earlier for several Sn-oxides (Eqn. 6.6) [1,4-11,20-26]. The voltage 
plateau and sloping regions indicate the two-phase and single-phase reactions, 
respectively. 
                      
                    ‘CaO.SnO2’ + 4Li+ + 4e- → CaO + Sn + 2Li2O                                   --- (6.3)  
                     CdSnO3 + 6Li+ + 6e- → Cd + Sn + 3Li2O                                           --- (6.4) 
                              Cd + 3Li+ + 3 e-  ↔ Li3Cd                                                          --- (6.5) 
                           Sn + 4.4Li + + 4.4 e- ↔ Li4.4Sn                                                      --- (6.6) 
                          Sn  + Li2O ↔ SnOx + 2Li+  + 2e-   (x ≤ 1)                                      --- (6.7) 
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 As per Eqns. (6.2)- (6.6), theoretically, 8.4 and 13.4 moles of Li are to be 
consumed for nano-‘CaO.SnO2’/CaSnO3 and nano-CdSnO3, respectively in the formation 
of the metals after structure destruction reaction (Eqns. 6.2-6.4) followed by the alloy 
formations (Eqns. 6.5 and 6.6). However, the observed first discharge capacities are: 
1310(±30) mAhg-1(~10.1 moles of Li per mole of compound) for nano-‘CaO.SnO2’, 
1165(±20) mAhg-1 (~9.0 moles of Li) for nano-CaSnO3 and 1330 (±20) mAhg-1 (~13.9 
moles of Li) for nano-CdSnO3. The extra capacity values over and above the theoretical 
ones can be ascribed to the solid-electrolyte interphase (SEI) formation due to the 
reaction of Li with the solvents of the electrolyte [1,4-7,12-17,36-38]. The difference 
between the observed first-discharge capacities of nano-CaSnO3 vs. nano-‘CaO.SnO2’ is 
possibly due to the difference in the well crystalline nano-phase vs. nano-phase X-ray 
amorphous nature and a thicker SEI formation in the case of nano-‘CaO.SnO2’. 
Analogous results were noted with the composites, ‘MnO.SnO2’, ‘MgO.SnO2’ and 
‘CoO.SnO2’ reported in the literature [36-38]. The voltage-capacity profiles of nano-
CaSnO3 and CdSnO3 show clear and relatively flat voltage plateau regions in comparison 
to nano-‘CaO.SnO2’ indicative of well-defined reaction potentials in the case of former as 
compared to the latter and can be attributed to the co-existence of two-phase regions. The 
energy required for Li to react with the nano-‘CaO.SnO2’ is lesser in comparison to the 
perovskite-type crystalline CaSnO3, and therefore, a sloping profile rather than clearly 
defined flat plateau potential is seen. 
First-charge reaction involves the extraction of Li from the system up to 1.0 or 
1.3V. The first- charge profiles of nano-‘CaO.SnO2’ and nano-CdSnO3 in two different 
voltage windows (0.005-1.0V and 0.005-1.3V) and nano-CaSnO3 in the former range 
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show sloping profile (Fig. 6.6a). The observed first-charge capacity value is 420(±5) 
mAhg-1 for nano-CaSnO3. For nano-‘CaO.SnO2’, the first- charge capacities of 480 (±5) 
mAhg-1 and 570 (±5) mAhg-1 were observed in the voltage window of 0.005-1.0V and 
0.005-1.3V, respectively. These capacity values correspond to 3.7 and 4.4 moles of Li per 
mole of nano-‘CaO.SnO2’, respectively (Fig. 6.6a). These findings are encouraging since 
the theoretical capacity is achieved with nano-‘CaO.SnO2’ in the voltage window 0.005-
1.3V. 
The nano-CdSnO3 exhibits the first charge capacity values of 475 (±5) mAhg-1 
and 580 (±5) mAhg-1, corresponding to the ~5.0 and ~6.0 moles of Li per mole of nano-
CdSnO3, respectively in the voltage windows, 0.005-1.0 V and 0.005-1.3V. These values 
are smaller than the theoretically envisaged value of 7.4 moles of Li which indicates that 
the de-alloying reaction is not complete, due to some type of ‘mixed cation effect’ and 
large unit-cell volume changes involved in the process. The ‘mixed cation effect’ may be 
defined as the effect of Cd on the de-alloying-alloying reactions of Sn and vice versa, 
thereby preventing the completion of the reverse reactions of Eqns. (6.5) and (6.6). It 
should be noted that there may also be some possibility of (Cd-Sn) alloy formation after 
the completion of the Eqn. (6.4), and the Li-cyclability of (Cd-Sn) alloy may be different 
from that of pure Cd and Sn metals. Indeed, the existence of alloys, (Cd0.05Sn0.95) [39] 
and (Cd0.3Sn0.7) [40] has been documented in the literature. In any case, detailed studies 
are needed to clarify the ‘mixed cation effect’ in the present system.  
The observed second discharge- and charge- capacities of 580(±5) mAhg-1 and 
550(±5) mAhg-1, respectively in the range of 0.005-1.3 V in nano-‘CaO.SnO2’ are very 
close to the first- charge capacity which confirm the validity of Eqn. (6.6) and good 
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reversibility. For CdSnO3, the second discharge profile in the range of 0.005-1.0 V (Fig. 
6.6d) displays a capacity of 480 (±5) mAhg-1 (~5 moles of Li) almost identical to the 
first-charge capacity. The second-charge profile is identical to the first-charge profile 
which indicates good reversibility of Eqns. (6.5) and (6.6). This is also shown by the 
voltage-capacity profiles in the range of 2-30 cycles (Fig. 6.6d).  
 To illustrate better the Li-cycling response of nano- CaSnO3, -‘CaO.SnO2’ and -
CdSnO3, the capacity vs. cycle number plots, drawn from the galvanostatic cycling data 
in the voltage range of 0.005-1.3 V and 0.005-1.0 V at current rate of 60 mAg-1 (~0.12C, 
1C = 490 mAg-1) are shown in Fig. 6.7. As can be seen in the Fig. 6.7a, nano-CaSnO3 
shows an initial reversible capacity of 570(±5) mAhg-1 (theoretical value) (with 1.3V-cut 
off), but capacity-fading occurs relatively slowly up to 40 cycles and fairly rapidly in the 
range 40-70 cycles and only a capacity of 380(±5) mAhg-1 is retained at the 70th cycle. 
On the other hand, the capacity of nano-‘CaO.SnO2’ remains stable at 550(±5) mAhg-1 
(4.2 moles of Li) up to 50 cycles when cycled in the range, 0.005-1.3 V at 60 mAg-1 
(0.12C). The coulombic efficiency, η is ~ 96-98 % in the range, 5-50 cycles. However, 
capacity-fading sets-in beyond 50 cycles, and in the range of 50-80 cycles, the rate of 
fading is ~2 mAhg-1 per cycle. In contrast, the reversible capacity of nano-CdSnO3 
degrades drastically on cycling (with 1.3V cut-off) and at the end of 25th cycle, a capacity 
of 245(±5) mAhg-1 (~ 2.6 moles of Li) is retained (Fig. 6.7a).  
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Fig. 6.7 The capacity vs. cycle number plots at the current of 60 mAg-1. (a) Nano-
‘CaO.SnO2’, nano-CaSnO3 and nano-CdSnO3 in the voltage window of 0.005-
1.3V. (b) Nano-‘CaO.SnO2’ and nano-CaSnO3 in the voltage window, 0.005-1.0 
V. (c) The capacity vs. cycle number plot at the current of 60 mAg-1 for nano-
CdSnO3 in the voltage window, 0.005-1.0V. The filled and open symbols 
represent discharge and charge capacities, respectively.   
 
Nano-CaSnO3 and nano-‘CaO.SnO2’ show high and stable capacities of 445(±5) 
mAhg-1 and 490(±5) mAhg-1, respectively (with 1.0V cut-off) up to 50 cycles (Fig. 6.7b). 
These values are larger than the 380(±5) mAhg-1, reported in the literature for nano-
CaSnO3 prepared by sol-gel method when cycled in the range of 0.005-1.0 V at 60 mAg-
1) [8,11]. Nano-CdSnO3 also shows a stable capacity of 475(±5) mAhg-1 in the range, 2 - 
40 cycles at the current rate of 60 mAg-1 (~0.12C) (Fig. 6.7c). The good cycling response 
of nano-‘CaO.SnO2’ and nano-CaSnO3 is attributed to the excellent buffering ability of 
CaO against the unit cell volume variations occurring during alloying-de-alloying of Sn-
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metal (Eqn. 6.6). In nano-CdSnO3, in the range of 0.005-1.0 V, both the alloying 
elements seem to help each other to yield a stable and high capacity, at least up to 40 
cycles. It has been observed that, when cycled with the 1.3V cut-off,  the consumption of 
Li2O and thereby the formation of SnO via ‘conversion reaction’ given in Eqn. (6.7) is 
the factor responsible for capacity-fading due to the loss of holding ability of keeping Sn-
metal particles apart from each other and destroy the stable nano-composite nature of 
‘Sn-Li2O’ [9,21,41,42].  
The better cycling performance of the nano-‘CaO.SnO2’ in comparison to nano-
CaSnO3 and CdSnO3 up to 50 cycles in both the voltage ranges (upper cut-off, 1.0V and 
1.3 V) is attributed to the nano-phase nature of X-ray amorphous ‘CaO.SnO2’ which 
contains smaller nano-size regions (3-6 nm) vs. the relatively larger crystallite sizes of ~ 
60 nm and ~30 nm in nano-CaSnO3 and CdSnO3, respectively (Figs. 6.2 and 6.4). The 
electro-inactive CaO matrix also serves as the barrier against the agglomeration of Sn- 
nano-particles during cycling. On the other hand, nano-CdSnO3 shows the extensive 
capacity fading when cycled in the range of 0.005-1.3V. In addition to SnO formation, 
the volume changes associated with alloying-de-alloying reactions of Cd and Sn affect 
drastically the buffering ability of Li2O to keep Sn-metal particles isolated from each 
other. The CdO formation, in addition to SnO formation, upon cycling to the 1.3 V in the 
nano-CdSnO3 -Li system can be ruled out since studies on the CdO-Li system by Li et al. 
[43] have shown that after the first-discharge with Li metal, CdO formation occurs only 
at ~2.0 V.  
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Hence, it is concluded that the favorable voltage range for cycling in the nano- 
‘CaO.SnO2’/CaSnO3 and CdSnO3 is 0.005-1.0 V, which yields a stable capacity at least 
up to 50 cycles. 
6.4.3 Cyclic Voltammetry 
 To discern the potentials at which discharge/charge reactions take place and to 
complement the galvanostatic cycling performance, cyclic voltammetry studies were 
performed on nano-‘CaO.SnO2’ and nano-CdSnO3 vs. Li at the slow sweep rate of 58 
µVs-1 in  two different voltage windows, 0.005-1.0 V and 0.005-1.3 V. The cyclic 
voltammograms (CVs) are shown in Figs. 6.8 a,b and 6.8 c,d, respectively.  
As can be seen, the first discharge reactions commence from the open circuit 
voltage (~2.1-2.3 V) to the deep discharge potential, 0.005V. During the first discharge, 
no cathodic (reduction) peaks are seen till 1.0V and a broad shoulder peak at 0.75V is 
observed in nano-‘CaO.SnO2’ (Fig. 6.8a). This peak can be ascribed to the onset of 
reduction of SnO2 to form Sn-metal. This is followed by a smooth sloping profile curve 
and a broad peak at ~0.1V. This peak can be attributed to the formation of Li4.4Sn alloy.  
On the other hand, in nano-CdSnO3, an intense cathodic peak at 1.25 V is seen which is 
followed by a split peaks at ~1.0V and ~0.9V (Fig. 6.8c). Thereafter, the first cathodic 
scan is identical to that of nano-‘CaO.SnO2’ indicating similar electrochemical processes. 
The intense peak at ~1.25V can be ascribed to the crystal structure destruction 
(amorphisation of lattice) through reduction of nano-CdSnO3 to form the nano-particle of 
Cd and Sn metals embedded in the Li2O matrix (Eqn. (6.4)) and  the split peaks at ~1.0 
and ~0.9 V to the formation of Li-Cd alloy (Eqn. (6.5)) in stages [27]. Thereafter, a sho- 
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Fig. 6.8  Cyclic voltammograms of nano-‘CaO.SnO2’ in the voltage window, (a) 0.005-
1.0V and (b) 0.005-1.3 V vs. Li. Cyclic voltammograms of nano-CdSnO3 in the 
voltage window, (c) 0.005-1.0V and (d) 0.005-1.3 V vs. Li. Slow scan rate is 
58µVs-1. Numbers indicate the cycle number. 
 
ulder peak at ~0.5 V and a broad peak at ~ 0.1 V are observed which can be attributed to 
the complete formation of Li3Cd and Li4.4Sn alloys (forward reactions of Eqns. (6.5) and 
(6.6)) [1, 4-11, 21-27]. 
The first charge (anodic) sweep till the cut-off potential, 1.0V, shows only one 
well defined peak at ~0.55V for nano-‘CaO.SnO2’ that can be ascribed to de-alloying 
reaction of Li-Sn that releases the Sn-metal particles (Eqn. 6.6). On the other hand, in 
nano-CdSnO3, a broad peak at 0.4V and a low intensity peak at ~0.75V are seen. These 
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peaks can be ascribed to the de-alloying reaction to give Sn and Cd-metal particles, 
respectively (Eqns. 6.5 and 6.6). From the second cycle onwards, the overlapping of 
anodic and cathodic peaks from 2-25 cycles in case of nano-‘CaO.SnO2’ and 2-18 cycles 
for nano-CdSnO3 indicates good Li-cyclability. The peak positions observed in CV reveal 
average discharge and charge potential to be ~0.2 and ~0.5 V for nano-‘CaO.SnO2’ and 
~0.2 and ~0.4V for nano-CdSnO3, respectively. These values match well with the voltage 
plateau positions found in the galvanostatic capacity-voltage profiles in Fig. 6.6. 
First-cycle CVs of nano-‘CaO.SnO2’ and CdSnO3 in the voltage range, 0.005-
1.3V, shown in Fig. 6.8b and 6.8d, respectively are identical to that of Fig. 6.8a and 6.8c 
that display the excellent reproducibility of duplicate cells. However, with the cut-off 
voltage of 1.3 V, an anodic peak at ~1.2 V is clearly seen in the first charge curves (Figs. 
6.8b, 6.8d). In the CVs during 2-20 cycles in ‘CaO.SnO2’ and 2-6 cycles in CdSnO3, the 
anodic peak at ~1.2 V persists and the corresponding cathodic peak is seen at ~0.55V in 
nano-‘CaO.SnO2’ and at ~1.1 V in nano-CdSnO3. These two peaks can be ascribed to the 
conversion reactions involving Li2O and Sn-nano-particles (Eqn. (6.7)) [9,21,41,42,44]. 
We note however, that the formed tin oxide in case of nano-‘CaO.SnO2’ may not be well 
defined SnO, since Courtney et al. [21] have shown that the SnO reduction by Li-metal 
under electrochemical conditions occurs only at ~1.1V similar to that seen in nano-
CdSnO3. This difference in the peak positions for the reduction of in-situ formed SnO in 
these two systems clearly shows the effect of matrix element on the Li-cycling behavior 
of Sn-based oxides. However, the formation of SnOx (Eqn. (6.7)) is detrimental to the 
long term cycling stability because it gives rise to capacity fading, as has been noted from 
the galvanostatic cycling data (Fig. 6.7a). We conclude that the CV results corroborate 
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the galvanostatic cycling data and indicate that the optimum voltage window for Li-
cycling in nano- CdSnO3 /‘CaO.SnO2’ is 0.005-1.0V (Figs. 6.6-6.8).  
6.4.4 Ex-situ -XRD, -TEM and -SAED Studies 
Ex-situ -XRD, -TEM and -SAED studies were performed to supplement the 
galvanostatic cycling and cyclic voltammetry data. Identical cells were fabricated and 
cycled to a specific voltage and then aged for 2 to 3 h at that voltage, and the 
electrodes/electrode material was recovered by dismantling the cells. The XRD patterns 
of the bare electrode and of those discharged to voltages, 0.5 V and 0.005 V during the 
first discharge are shown in Figs. 6.9a and 6.9b for nano-CaSnO3 and nano-CdSnO3, 
respectively.  At 0.5V, the XRD pattern of nano-CaSnO3 shows the lines due to the 
parent phase but with a smaller intensity. On the other hand, the XRD pattern of nano-
CdSnO3 at 0.5V is devoid of lines due to the parent phase.  As can be seen, in both the 
cases, the characteristic peaks of the orthorhombic-CaSnO3 and hexagonal-CdSnO3, 
observed in the bare composite electrodes disappear at 0.005 V, respectively in Figs. 6.9a 
and 6.9b. The peaks due to the substrate (Cu) and sample holder (Al), and low intensity 
peaks attributable to the metal-Sn and Li-Sn alloys are seen. This indicates that 
amorphization of lattice or crystal structure destruction and formation of nano-phase 
alloy, Li-Cd and Li-Sn occur during the first-discharge at ≤0.5V. This is in accordance 
with the observed galvanostatic cycling, cyclic voltammetry data and the proposed 
reaction mechanism. However, as per the forward reaction of Eqns. (6.5) and (6.6), only 
the peaks due to alloys Li3Cd and Li4.4Sn are expected in the case of CdSnO3 and only 
peaks due to Li4.4Sn in nano-CaSnO3. The presence of Sn-metal in both the cases can 
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possibly be ascribed to the decomposition of (Li-Sn)/(Li-Cd) alloy under the exposure to 
air during sample loading and/or exposure to the X-rays.  
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Fig. 6.9 Ex-situ XRD patterns of the electrode of (a) bare nano-CaSnO3, and those 
discharged to 0.5V, 0.005V, and of (b) bare nano-CdSnO3 and those discharged 
to 0.5V, 0.005V. Miller indices (h k l) are shown. Lines due to Cu-substrate and 
Al sample holder are indicated. The y-axis values are normalized for better 
comparison of the XRD patterns.  
  
Ex situ -TEM and -SAED studies were performed on the powder recovered from 
the composite electrode in the charged state (1.0 V) after 30 cycles for nano-‘CaO.SnO2’ 
and after 15 cycles for nano-CdSnO3, and the results are shown in Fig. 6.10. The HR-
TEM lattice images (Figs. 6.10a, c) show the presence of nano-crystalline regions, of size 
3-6 nm, dispersed in the amorphous regions. These regions are marked as 1, 2 and 3. The  
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Fig. 6.10 Ex-situ TEM of nano-‘CaO.SnO2’/nano-CdSnO3 charged to 1.0 V after 30/15 
cycles. (a) Lattice image of nano-‘CaO.SnO2’. The nano-crystalline regions 
marked as 1 and 2 correspond to metallic tin. The other regions (circled) show 
the overlapping of various planes of crystalline metallic tin. (b) The 
corresponding SAED pattern. (c) Lattice image of nano-CdSnO3. The nano-
crystalline regions marked as 1, 2 and 3 correspond to tetragonal-Sn and 
hexagonal-Cd metals (see text). The circled regions in lattice images shows the 
overlapping of various planes of crystalline metallic Cd or/and Sn. (d) The 
corresponding SAED pattern. The Miller indices corresponding to the diffuse 
spots in the SAED patterns are assigned to the metallic tin and Cd. Scale bars 
are shown. 
 
corresponding interplanar distances (d- values) are measured and given in the Table 6.2. 
These d-values are attributed to the various planes of tetragonal-Sn and hexagonal-Cd 
reported in the JCPDS cards (Table 6.2). 
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Table 6.2 Comparison of the interplanar spacings (d-values) derived from the HR-TEM 
lattice images (Figs. 6.10 a, c) and SAED patterns (Figs. 6.10 b, d) of the charged- 
electrode (1.0 V; after 30/15 cycles) of nano-‘CaO.SnO2’ and nano-CdSnO3, respectively. 


































































The SAED patterns were recorded to complement the lattice image data and are 
shown in Figs. 6.10b and d for nano-‘CaO.SnO2’ and -CdSnO3, respectively. They are 
comprised of diffuse rings with occasional diffuse spots that indicate the presence of 
nano-crystalline and amorphous regions in the compound (Figs. 6.10b, d). The d-values 
were derived by measuring the diameter of spots/rings about the center and are given in 
Table 6.2. These values match well with data observed by the lattice images in which the 
product formed upon charging the electrode to 1.0V are Sn-metal in nano-‘CaO.SnO2’, 
and Cd and Sn- metals in the case of nano-CdSnO3. Therefore, on the basis of ex-situ 
XRD of nano-CaSnO3 and CdSnO3, and TEM and SAED of the latter and of nano-
‘CaO.SnO2’, it is concluded that first-discharge process involves the crystal structure 
destruction and formation of alloy (Li-Sn and Li-Cd). When charged to 1.0V after 15th or 
30th cycles, the product formed is nano-size Cd and/or Sn metal particles as indeed 
expected from the reverse reactions given in Eqns. (6.5) and (6.6).  
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6.4.5 Electrochemical Impedance Spectroscopy (EIS) 
The electrode reaction kinetics of a number of cathode and anode materials for 
LIBs has been studied by EIS technique. EIS can be used as a supplementary study to 
galvanostatic cycling and cyclic voltammetry data. Binary and ternary oxide anode 
materials like, SnO [44], Co3O4 [45] and nano-flake Fe2O3 [16] are evaluated by 
impedance analysis. Presently, we have used the EIS technique to study the reaction 
kinetics of nano- ‘CaO.SnO2’ and nano-CdSnO3 in coin cell configuration vs. Li during 
the first and 10th discharge–charge or 11th discharge cycles. The cells are discharged from 
OCV to selected voltages during the first cycle and then relaxed for 2 h and thereafter 
impedance data were collected.  The cells were again subjected to nine or ten cycles 
(range, 0.005-1.0 V at 60 mAg-1) and data are collected during the 10th or 11th cycle at 
selected voltages after relaxing for 2 h. Impedance measurements were carried out in the 
frequency range of 0.1 MHz to 5mHz and the data are plotted in the form of Nyquist 
plots (Z′ vs. -Z″) where Z′ and Z″ refer to the real and imaginary parts of cell impedance, 
respectively and shown in the Figs. 6.11 and 6.12 for nano- ‘CaO.SnO2’ and nano-
CdSnO3, respectively. The equivalent electrical circuit, which was used to fit the 
impedance data of both the compounds, is shown in Fig. 6.13. The circuit consists of 
series and parallel combinations of resistances (R) and constant phase elements (CPEs) 
and Warburg impedance (W). The CPEs are used instead of the pure capacitors due to 
occurrence of depressed semicircles in the Nyquist plots which indicate a deviation from 
the ideal capacitor behavior. The impedance of CPE can be derived from the equation, 
ZCPE = 1/[Ci (jω)n] where j = √-1, ω is the angular frequency, Ci is the capacitance and n 
is a constant. The value of n (< 1) gives the degree of distortion from the pure capacitor 
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behavior and n = 1 for the pure capacitor. The experimental spectra are shown as data 
points and fitting as continuous lines in Figs. 6.11 and 6.12. Total cell impedance is a 
summation of the electrolyte resistance (Re), surface film resistance (R(sf)) and the assoc- 
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(c)  1.0V          0.1V
 0.75V        0.05V
 0.50V        0.005V 
 
Fig. 6.11Family of Nyquist plots (Z′ vs. -Z′′) for the cell with nano-‘CaO.SnO2’ as 
cathode at different voltages vs. Li. (a) During the first-discharge reaction from 
open circuit voltage (OCV ~ 2.6 V) to 0.005 V. (b) During the first-charge 
reaction from 0.005 V to 1.0 V, and (c) the 11th discharge cycle, after 10 cycles, 
from 1.0-0.005 V. Selected frequencies in the impedance spectra are shown. 
Symbols represent the experimental data points. Continuous lines show fitting 
with the equivalent circuit of Fig. 6.13. Geometric area of electrode is ~2 cm2. 
 
iated constant phase element, (CPE(sf)), charge transfer resistance (R(ct)) and the 
corresponding double layer capacitance CPE(dl), bulk impedance (Rb and CPEb) and the 
Warburg impedance, W. The evaluated values of the impedance parameters for both the 
compounds are given in Tables 6.3 and 6.4. 
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Fig. 6.12 Family of Nyquist plots (Z′ vs. -Z′′) for the nano-CdSnO3-Li system at different 
voltages. (a) During the first discharge reaction from open circuit voltage (OCV 
~ 2.3 V). (b) During the first charge reaction. (c) During 10th discharge cycle. 
(d) During 10th charge cycle. The voltages at which the data were collected are 
shown. Symbols represent the experimental data points and continuous lines 
show fitting with the equivalent circuit of Fig. 6.13. Geometric area of the 





Fig. 6.13 Equivalent circuit used for fitting the impedance spectra of Figs. 6.11 and 6.12. 
Different resistances, Ri and / or Ri ⎜⎜CPEi components and the Warburg 
element, W are shown.  
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For nano-‘CaO.SnO2,’ under the OCV conditions, R(sf) = 390(±5) Ω  and CPE(sf) = 
380(±5) µF were obtained after fitting (Table 6.3). It is evident from Fig. 6.11a and Table 
6.3 that as the discharge reaction proceeds, i.e., as more and more Li reacts with the 
electrode material, both the surface film and charge transfer resistances contributes to the 
overall impedance. As can be seen, the diameter of semicircle decreases indicating a 
reduction in the respective values. However, since only one semicircle is seen, the data 
were fitted using only one R║CPE combination to give surface film and charge transfer 
resistance (R(sf+ct)). At 1.5 V and 1.0 V, the R(sf+ct) decreased to 230(±5) and 198(±5) Ω 
(CPE(sf+dl) to 42(±5) and 39(±5) µF), respectively. In addition, at 1.0V, an undeveloped 
semicircle attributable to the bulk impedance (Rb = 398 (±5) Ω and CPEb = 2(±1) mF) is 
seen (Table 6.3). Below 1.0V, the spectrum exhibited significant changes as can be 
expected since the reduction of nano-‘CaO.SnO2’ to the Sn-metal and Li-Sn alloy 
formation occur in this range, complementing the galvanostatic and CV data. In the 
voltage range, 0.75-0.2 V, all the impedance parameters show a decreasing trend and 
become almost constant for V = 0.05 and 0.005V (Table 6.3 and Fig. 6.11 a). The degree 
of distortion of the first semicircle decreases and n increases from ~0.74 to ~0.84 in the 
voltage range, 1.5 to 0.005V. The observed low impedance values of R(sf+ct) and Rb for 
V≤ 0.1V are ascribed to the formation of Li-Sn alloy from Sn-nano-particles freshly 







Table 6.3 Impedance parameters obtained by fitting the impedance spectra of the nano-
‘CaO.SnO2’(vs. Li) to the equivalent circuit elements during the first cycle, and the11th 


























coeff. (  DLi+),  
((±0.1)× 10-14)  
cm2s-1
 
First- discharge cycle 
 
OCV 390 380 --- --- 0.5 --- --- 
1.50 230 42 --- --- 0.75 160 12.6 
1.00 198 39 398 2 0.74 10 0.8 
0.75 160 32 145 7 0.74 10 0.8 
0.50 124 29 55 7 0.76 15 1.2 
0.20 100 20 83 6 0.82 16 1.3 
0.10 102 22 65 5 0.85 20 1.6 
0.05 91 24 60 9 0.83 --- --- 
0.005 91 23 60 7 0.84 --- --- 
 
First- charge cycle 
 
0.10 95 21 66 5 0.85 8 0.6 
0.20 93 18 70 6 0.85 13 1.0 
0.50 18 41 19 1 0.86 15 1.2 
0.75 24 135 --- --- 0.85 --- --- 
1.00 22 240 --- --- 0.89 --- --- 
 
11th discharge cycle 
 
1.00 12 460 --- --- 0.75 16 1.3 
0.75 12 360 --- --- 0.83 16 1.3 
0.50 13 310 --- --- 0.90 19 1.5 
0.10 20 190 140 47 0.92 --- --- 
0.05 25 185 135 45 0.95 --- --- 
0.005 28 183 115 43 0.95 --- --- 
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      Table 6.4 Impedance parameters obtained by fitting the impedance spectra of the 
nano-CdSnO3 (vs. Li) to the equivalent circuit elements during the first and 10th cycle, 
























((±0.05)× 10-13)  
cm2s-1
First- discharge cycle
OCV 18 244 --- --- 0.70 --- --- 
1.50 18 157 --- --- 0.74 --- --- 
1.00 52 90 50 25 0.72 10 2.8 
0.75 51 70 45 21 0.74 8 2.3 
0.50 45 70 43 23 0.74 12 3.4 
0.25 40 58 40 23 0.76 12 3.4 
0.10 44 52 45 19 0.79 --- --- 
0.05 44 51 44 21 0.79 --- --- 
0.005 49 44 60 18 0.81 --- --- 
First- charge cycle 
 
0.05 35 44 50 28 0.84 --- --- 
0.10 27 57 30 44 0.85 --- --- 
0.25 27 111 20 47 0.83 10 0.10 
0.35 19 112 10 52 0.75 20 0.15 
0.50 21 200 5 70 0.72 25 0.20 
0.75 22 550 --- --- 0.57 100 0.80 
1.00 18 670 --- --- 0.57 100 0.80 
10th discharge cycle 
 
1.00 21 850 --- --- 0.53 100 0.80 
0.75 22 717 --- --- 0.60 80 0.62 
0.50 22 680 --- --- 0.54 60 0.50 
0.25 18 515 --- --- 0.52 --- --- 
0.10 29 218 113 55 0.65 --- --- 
0.05 28 70 102 27 0.85 --- --- 
0.005 47 47 73 17 0.85 --- --- 
10th charge cycle 
 
0.05 33 52 109 33 0.85 --- --- 
0.10 36 54 80 49 0.85 --- --- 
0.25 30 225 60 80 0.65 --- --- 
0.50 26 651 --- --- 0.60 100 0.8 
0.75 23 660 --- --- 0.55 100 0.8 
1.00 22 700 --- --- 0.52 110 0.9 
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For nano-CdSnO3, the Nyquist plot of the fresh cell shows a semicircle in the 
frequency range, 0.1MHz – 25 Hz, followed by the Warburg region and an almost 
vertical line with an inclination of ~78o in the very low frequency region (Fig. 6.12a). 
This spectrum is fitted with a single R║CPE combination indicative of surface film 
impedance, R(sf) = 18 (± 5) Ω and CPE(sf) = 244 (± 5) µF (Table 6.4). It may be mentioned 
that such a low value of Rsf is surprising because it is almost an order of magnitude 
smaller than the values measured in nano-‘CaO.SnO2’ and in several other oxide anode 
materials [16,44,45]. The spectrum at 1.5 V does not show any change in the spread of 
semicircle. However, the charge transfer contribution is to be taken into account and the 
data are fitted to yield R(sf+ct) and CPE(sf+dl). At 1.0 V the spectrum showed a significant 
change with the development of a second semicircle. Similar to the case of nano-
‘CaO.SnO2’, it marks the structure destruction reaction indicative of the bulk impedance 
which is offered by the composite electrode. The evaluated Rb is 50 (± 5) Ω and the 
corresponding CPEb is 25 (± 5) mF. In the voltage range of 0.75 to 0.05 V, the R(sf+ct) and 
Rb vary in the range of 40 to 51(± 5) Ω and the corresponding CPE values show a 
decreasing trend. This is the region where the Cd and Sn metals form the respective 
alloys (Eqns. (6.5) and (6.6)). At 0.005 V, the R(sf+ct)  and Rb increase to  49 (± 5)Ω, and 
60 (±5) Ω, respectively. The n value consistently shows an increase from 0.74 at 1.0 V to 
0.81 at 0.005 V. 
 Since the first charge process involves only the reverse reactions of Eqns. (6.5) 
and (6.6), it is different from the first-discharge process, and thus, shows a different set of 
Nyquist plots, shown in Figs. 6.11b and 6.12b for nano-‘CaO.SnO2’ and nano-CdSnO3, 
respectively. As anticipated from the galvanostatic voltage profiles, no noticeable 
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changes in the spectra are seen till 0.4-0.5 V for both the compounds which are the 
average charge– potential for the de-alloying reaction.  For nano-CdSnO3, in the range of 
0.05-0.50 V, the values of R(sf+ct) and Rb consistently show a decrease, whereas the 
corresponding CPE(sf+dl) and CPEb show an increase (Table 6.4 and Fig. 6.12b). Identical 
behavior is observed in nano-‘CaO.SnO2’ except that the value of CPEb decreases (Table 
6.3 and Fig. 6.11b).  At 0.75 V and 1.0 V, the Nyquist plots show a single semicircle 
followed by the Warburg-type region which indicates that the contribution from Rb is 
negligible. The corresponding values of impedance parameters for nano-‘CaO.SnO2’ and 
nano-CdSnO3 are given in Tables 6.3 and 6.4, respectively.  
It is well known that the first few cycles are the ‘formation’ cycles, after which 
the Li-cycling occurs in the homogeneous composite electrode and hence, a more 
consistent changes in impedance parameters as a function of voltage are expected. 
Presently, the impedance data were collected at various voltages during 10th discharge-
charge cycle for nano-CdSnO3 and during the 11th discharge for nano-‘CaO.SnO2’. As 
can be seen, the Nyquist plots of the 10th discharge-charge cycles are similar. The 
observed spectra are identical in the range of 1.0V to 0.5/0.25V for nano-‘CaO.SnO2’ and 
nano-CdSnO3. Thereafter, till the end of deep discharge, 0.005V, an increase in the 
spread of semicircles, and development of a second semicircle are observed. The latter 
semicircle is attributed to the high bulk impedance (Rb) that has the masked the straight 
line feature which may be present in the very low frequency region (<5 mHz). The values 
of the impedance parameters as a function of state of charge/discharge are given in 
Tables 6.3 and 6.4.   
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During the 10th charge, the impedance spectra resemble with those of the first 
charge and 10th discharge for nano-CdSnO3, as can be expected. The impedance 
parameters R(sf+ct) and Rb are slightly higher in comparison to the first cycle, but the 
decreasing trend of these parameters with an increase in the charge voltage is also clearly 
seen in the 10th charge cycle. Thus, it is concluded that the impedance spectral studies 
established the electrochemical reversibility of nano-‘CaO.SnO2’- and CdSnO3 - Li 
systems and corroborate the galvanostatic and cyclic voltammetry data.  
6.4.6 Li-ion Diffusion Coefficients 
A detailed analysis of impedance spectra can provide information regarding the 
chemical diffusion coefficient of the Li-ions (DLi+) involved in the electrode system. In 
the literature, the DLi+ and its variation with the applied voltage as obtained from the 
impedance spectral analysis have been reported for systems: thin-film Nb2O5-H [46, 47] 
and thin-film LiCoO2-Li [48], polycrystalline LiCoO2-Li [49,50] and Co3O4 [51]. The 
DLi+ can be estimated from the limiting frequency (fL) using Eqn. (6.8) [49].  
                           DLi+ =  π L2 fL                                                                    ---(6.8) 
where, fL is extracted from the impedance spectrum where the semi infinite diffusion 
Warburg region (a straight line with a slope close to ~45° from the real axis in the 
Nyquist plot) gives way to a vertical line, ~80° on the real axis, the latter corresponding 
to the finite length diffusion process. This transition usually is realized at low frequencies 
≤ 0.5 Hz. The L in Eqn. (6.8) is the maximum length in the diffusion pathway in the 
electrode system. The film thickness in the case of thin film electrode and the average 
crystallite size of polycrystalline powder can be considered as the reasonable value of L 
in estimating the DLi+.  
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The fL values were extracted from the spectra at various voltages for the nano-
‘CaO.SnO2’-Li and CdSnO3-Li systems in those cases where the transition from the 
Warburg region (semi-infinite diffusion process) to the near vertical line on the real axis 
(finite-length diffusion process) could be clearly delineated. Representative spectra, 
redrawn from the impedance spectra of Fig. 6.11 at selected voltage of nano-‘CaO.SnO2’ 
are shown in Fig. 6.14. The fL values are listed in Tables 6.3 and 6.4 for nano-‘CaO.SnO2  
Fig.6.14 Selected Nyquist plo
an expanded scale, 
spectra at 1.5 V and 0
the first-charge are s




ts redrawn from Fig. 6.11(nano-‘CaO.SnO2’-Li system) in 
for the determination of the limiting frequency (fL). The 
.75 V during first-discharge, and at 0.1 V and 0.2 V during 
hown. The fL values, selected frequencies and the angles 
 make on the real (Z’-) axis are shown.  
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and nano-CdSnO3, respectively. The L (crystallite size) values are taken as 5 nm for 
nano-‘CaO.SnO2’ and 30 (±5) nm for nano-CdSnO3 during the first discharge process, as 
established from the HR-TEM data (Fig. 6.5a) and using Scherrer’s equation (Eqn. 2.2), 
respectively. During the first charge and subsequent cycling, the ‘electrochemical 
grinding’ of the particles take place due to volume changes occurring in the active 
material of the electrode. From Fig. 6.10c, we note that the crystallite size of nano-
CdSnO3 is reduced from the initial value of 30 nm to ~ 5 nm, and hence L = 5 nm is used 
to calculate DLi+ during the first charge and during the 10th cycle. It is unlikely that the 
crystallite size of nano-‘CaO.SnO2’ will be further reduced from the starting value of ~ 5 
nm. Thus, the L = 5 nm is taken for calculation of DLi+ during the first charge and 11th 
discharge.   
It should be emphasized that Eqn. (6.8) applies strictly to the single-phase 
discharge-charge process, as in the case of LiCoO2-Li system [48-50]. As discussed 
earlier, the alloying-de-alloying reactions involve two-phase reactions in nano-
‘CaO.SnO2’ and CdSnO3. Hence, the DLi+ values in Tables 6.3 and 6.4 must be 
considered as ‘apparent’ chemical diffusion coefficients. However, the relative variation 
in DLi+ with the applied voltage must represent the changes taking place in the system 
during Li-cycling. As can be seen from Tables 6.3 and 6.4, during the first discharge, at 
1.0V, the values of DLi+ are 0.8×10-14 and 2.8×10-13 cm2s-1 for nano-‘CaO.SnO2’ and 
nano-CdSnO3, respectively. Upon further discharge to 0.75V, the value remains almost 
constant in the first system whereas it decreases to 2.3 ×10-13 cm2s-1 in the latter system. 
This is due to the formation of metal nano-particles of Cd and Sn, followed by the onset 
of alloy formation as established by galvanostatic and CV studies, and due to the onset of 
 251
bulk impedance (Rb) below 1.0 V in both the systems. However, there is a gradual 
increase in DLi+ from 2.3 to 3.4 ×10-13 cm2s-1 in nano-CdSnO3 and 1.2 to 1.6×10-14 cm2s-1 
for nano-‘CaO.SnO2’ when the voltage decreases from 0.75V→ 0.5 V→ 0.10 or 0.25V.  
This increase is due to the facile alloy- forming reaction (Li-Sn and/or Li-Cd) that occurs 
through several stages. Below voltages 0.1V, the Rb masks the diffusion process and 
therefore, a clear cut transition frequency (fL) was not observed in both the systems and 
thus, DLi+ could not be evaluated.   
 During the first-charge, for 0.1≤V≤0.5V, the DLi+ values are in the range of 0.6 to 
1.2×10-14 cm2s-1 and these compare well with those observed in the first-discharge for 
nano-‘CaO.SnO2’ at the respective voltages. However, in the case of nano-CdSnO3, at 
0.25 V, the DLi+ is 0.1×10-13 cm2s-1, which is an order of magnitude smaller than that 
obtained during first-discharge at 0.25V (3.4×10-13 cm2s-1). This is possibly due to drastic 
reduction in the crystallite size at the end of first-discharge. The values of DLi+ increase 
gradually from 0.1 to 0.8 ×10-13 cm2s-1 when the charging voltage is increased in steps 
from 0.25 V to 1.0 V, respectively corresponding to the de-alloying reaction in nano-
CdSnO3. At voltages, V ≥ 0.5V, the DLi+ lies in the range, 0.5-0.9 ×10-13 cm2s-1 during the 
10th cycle (Table 6.4). This indicates good Li-cyclability and complements the 
galvanostatic cycling and cyclic voltammetry data. We may note that the observed DLi+ 
values during the 10th cycle (0.5-0.9×10-13 cm2s-1), are almost an order of magnitude 
larger than those in nano-‘CaO.SnO2’-Li, namely, ~1.3(±0.2)×10-14 cm2s-1 (11th cycle 
values, Table 6.3). This is understandable, since in the latter system, the CaO acts as an 
‘electro-inactive’ matrix, whereas in the nano-CdSnO3-Li system, the freshly formed 
nano-particles of Cd and Sn alloy with Li. The proportion of electrochemically-active 
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host elements to -inactive matrix such as Li2O is (2:3) which is higher than (1:3) for 
nano-‘CaO.SnO2’ (only Sn is active). Therefore, it seems that alloying-de-alloying of Li-
Cd makes Li-ion diffusion more facile and thus higher values of DLi+ are observed. 
Similar high values of DLi+ ~1.0×10-13 cm2s-1 have also been measured in the thin-films of 
the well-known cathode material, LiCoO2 [48] where only single- phase reaction occurs  
Hence, from EIS studies, it is concluded that the bulk impedance of the electrode (Rb) 
dominates at low voltages (V< 0.35 V), whereas R(sf+ct) and Warburg impedance 
dominate at higher voltages (V= 0.35-1.0 V), during the Li-cycling of nano- ‘CaO.SnO2’ 
and nano-CdSnO3. The apparent DLi+ obtained from EIS is in the range of 0.5-0.9×10-13 
cm2s-1 at voltages, 0.5-1.0 V during 10th cycle for nano-CdSnO3, and 0.14(±0.01)×10-13 
cm2s-1 during 11th discharge for nano-‘CaO.SnO2’. 
6.5 Summary and Conclusions 
 X-ray amorphous nano-composite ‘CaO.SnO2’, X-ray crystalline nano-phase- 
CaSnO3 were synthesized by the thermal decomposition of CaSn(OH)6 in air at 600oC for 
6 h and 24 h, respectively. X-ray crystalline CdSnO3 was prepared by decomposing the 
precursor CdSn(OH)6 in air at 600oC for 6h.  The hydroxide precursors were prepared by 
co-precipitation from the salt solutions at ambient temperature. X-ray diffraction, HR-
TEM and SAED analysis revealed that the X-ray amorphous nano-‘CaO.SnO2’ consists 
of nano-size (3-6 nm) grains of CaO and SnO2 (and possibly a small amount of CaSnO3) 
whereas nano-CaSnO3 and nano-CdSnO3 consist of ~60 nm and 30 nm size crystallites, 
respectively. The galvanostatic cycling of the compounds vs. Li. metal is performed in 
the voltage windows, 0.005-1.0 V and 0.005-1.3 V at the current rate, 60 mAg-1 (0.12C). 
A stable and reversible capacity of 490(±5) and 550(±5) mAhg-1 are obtained up to 50 
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cycles, respectively in above voltage windows for nano-‘CaO.SnO2’. These values 
correspond to the 3.8 and 4.2 moles of Li per mole of ‘CaO.SnO2’. Nano- CaSnO3 and -
CdSnO3 show stable capacities of 440(±5) mAhg-1 (~3.4 moles of Li) and 475 (±5) mAh 
g-1 (~5 moles of Li) for at least 40 cycles when cycled between 0.005 to 1.0 V. However, 
in the range of 0.005-1.3V, the former exhibits slow capacity fading and the latter 
displays extensive capacity- fading. At the end of 70 cycles, nano-CaSnO3 delivers a 
reversible capacity of 380 (±5) (2.9 moles of Li) whereas nano-CdSnO3 shows only 245 
(±5) mAhg-1 (2.6 moles of Li) at the end of 25th cycle.  
The better cycling performance of nano-‘CaO.SnO2’ can be attributed to the 
presence of smaller nano-size regions (3-6 nm) of CaO and SnO2 and thus a better 
buffering effect of CaO as an electrochemically-inactive matrix, along with Li2O. The 
observed capacity-fading beyond 50 cycles in nano-‘CaO.SnO2’ with the upper cut-off 
voltage 1.3V, may be attributed to the SnOx (x ≤1) formation. Similar explanation holds 
for nano-CdSnO3 and nano-CaSnO3 when cycled in the range of 0.005-1.3V. The 
underlying reaction mechanism involves the alloying-de-alloying reaction of Cd and/or 
Sn and in-situ formed CaO remained inactive. Cyclic voltammetry studies complement 
the galvanostatic cycling data and reveal average discharge and charge potentials of ~0.2 
V and ~ 0.4 or 0.5V, respectively. Ex-situ -XRD, -TEM and -SAED studies were carried 
out to support the proposed Li-cycling reaction mechanism. The electrochemical 
impedance spectra obtained during the first cycle and 10th cycle (for CdSnO3) or 11th 
discharge (for ‘CaO.SnO2’) are fitted with an equivalent circuit to evaluate the impedance 
parameters and ‘apparent’ chemical diffusion coefficient (DLi+) of Li. The bulk 
impedance, Rb dominates at low voltages (V≤ 0.25 V) whereas the combined surface film 
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and charge transfer impedance (R(sf+ct)) and the Warburg impedance dominate at higher 
voltages, V>0.25 V. The DLi+ are found to be in the range of 0.5 to 0.9 ×10-13cm2s-1 in the 
voltage range, V= 0.5 to 1.0 V during the 10th cycle for nano-CdSnO3, and ~0.1×10-13 
cm2s-1 at V≤1.0V during the first cycle and 11th discharge cycle for nano-‘CaO.SnO2’. 
We conclude that nano-‘CaO.SnO2’ and nano-CdSnO3 can be considered as 
alternative anode materials for LIBs due to the easy synthesis method, favorable 
discharge-charge potentials vs. Li and exhibition of a stable capacity of 4.2 moles of 
cyclable Li at least up to 50 cycles at 60 mAg-1 (0.12C) for ‘CaO.SnO2’, and 5 moles of 
Li for CdSnO3. It must, however, be pointed out that the large ICL (irreversible capacity 
loss) during the first discharge-charge cycle in the nano-‘CaO.SnO2’-Li system, and a 
considerably smaller capacity than the theoretical capacity in CdSnO3 in addition to the 
toxicity of cadmium are the drawbacks for implementation of these materials as anodes in 
the present-day LIB technology. One plausible way to reduce the ICL significantly will 
be to use SnO [44] or SnOx (x ≤1)- based nano-composites containing suitably chosen 
matrix elements. The capacity of CdSnO3 can possibly be increased by tailoring the 
particle morphology and the toxicity problem can be overcome by replacing Cd partly by 
eco-friendly metals.  
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Conclusions and Suggestions for Future Work 
 
The present research work deals with the investigations on the Li-storage and 
cyclability of spinel-structured cobalt oxides, ACo2O4 (A = Cu, Fe, Mg, Mn, Ni and Zn) 
and iron oxides, AFe2O4 (A = Zn and Cd), hexagonal-mixed metal carbonates, (Cd1-
xCox)CO3, x = 0, 0.25 and (Cd1/3Co1/3Zn1/3)CO3, and amorphous/crystalline tin-based 
oxides (nano-composite-‘CaO.SnO2’, and perovskite-type -CaSnO3 and -CdSnO3). The 
underlying mechanisms are alloying-de-alloying ( LixA, A= Cd, Sn and Zn) and/or 
‘conversion’ (redox) reactions (e.g., MO + Li ↔ 2M + Li2O, M = metal) involving 
transition metal ions. The key factors that influence the Li-cyclability are: the crystal 
structure of the starting materials, nature and amount of ‘counter’ metal ions, size and 
morphology of the crystals and operating voltage range of cycling. Results have been 
summarized earlier (pp. xxiii).  
The following conclusions can be drawn from the present study:  
1. Nano-size particles of the oxides perform much better than micro-size particles. 
Example are: nano-ZnCo2O4, nano-‘CaO.SnO2’ and nano-(Cd1/3Zn1/3Co1/3)CO3.  
2. In the spinel cobaltites, ACo2O4 (A = Cu, Fe, Mg, Mn, Ni and Zn), best Li-
cycling performance was observed for ZnCo2O4. In the order of cycling response, 
the compounds can be rated as: (Zn-Co) > (Fe-Co) > (Cu-Co) > (Ni-Co) > (Mn-
Co) ≈ (Mg-Co). The findings clearly showed the effect of the A-counter ion on 
the Li-cyclability of Co-based spinels. Thus, in addition to Co, Fe, Cu and Zn 
appear to be good matrix ions, whereas Mg and Mn are poor matrix ions.  
3. The viable strategy of employing the compounds that contain metal ions which 
can undergo the Li-cycling via both alloying-de-alloying and conversion reactions 
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to achieve maximum and stable capacity of a given compound has been proven 
for oxides and carbonate systems. Examples are: ZnCo2O4, ZnFe2O4, CdFe2O4 
and (Cd1/3Zn1/3Co1/3)CO3.  
4. For the first time, we have shown that the carbonate ion (CO32-) acts as good as 
the oxide, fluoride or oxyfluoride ion in enabling the reversible ‘conversion’ and 
‘alloying-de-alloying’ reactions involving both transition and non-transition metal 
ions. 
5. A significant improvement in the Li-cycling performance and C-rate capability of 
CdFe2O4 is seen when composite electrode is heat-treated at 300oC for 12 h in Ar-
atmosphere. This improved performance is attributed to a more homogeneous 
dispersion/distribution of active material in the conducting matrix of carbon and 
good adherence to the current collector.  
  On the basis of the conclusions drawn from the present work, the following 
suggestions are made for the further study:  
1. There are many other oxide spinels (other than the ones studied in Chapters 3 and 4)  
are known which contain matrix ions like Co, Fe and Li-alloy-forming elements 
like, Sn, In and Sb. These may be prepared, preferably in nano-size and can be 
explored for their Li-cyclability. 
2. Mixed-metal carbonates, other than the studied in Chapter 5, can be prepared in 
nano-size under ambient or hydrothermal conditions and these can be explored for 
their Li-storage and cyclability.  
3. Irreversible capacity loss (ICL), the difference between the first discharge- and 
charge-capacity is a big hurdle to use the presently studied oxides and carbonates as 
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LIB anodes which is mainly caused by the consumption of Li due to the 
decomposition of electrolyte solvents and reactions with some other species such as 
adsorbed H2O/OH. Efforts should me made to reduce the ICL.  
4. Average charge and discharge potentials for the cobaltites, ferrites and carbonates 
presently studied are high, ~1.0 V and ~2.0V, respectively which restrict their use in 
the present day LIBs where 4V cathode is being used. Thus, lowering the average 
discharge and charge potentials is highly desirable. In this regard, coating of fine 
particles (size, <10 nm) of conductive additives such as, Au, Pd or Ru may be 
adopted due to their catalytic nature at nano-scale.  
5. Heat-treatment of the composite electrode of CdFe2O4 has shown a significant 
improvement of the Li-cyclability, similar to the studies reported by the group of 
Dahn. It is worthwhile exploring this technique to other compounds like, ZnFe2O4, 









Cadmium monoxide, CdO is prepared in phase-pure form. It has a cubic structure. 
Li-cycling is investigated by galvanostatic cycling and cyclic voltammetry. First-charge 
capacity values of 850(±10), 520(±10) and 430(±10) mAhg-1, corresponding to ~4.1, ~2.5 
and ~2.1 moles of Li per mole of CdO, are observed in the three voltage windows, 0.005-
3.0V, 0.005-1.0V and 0.005-0.8V, respectively when cycled at a current rate of 60 mAg-1 
(~0.06C). An extensive capacity-fading is observed up to 5 cycles, and a capacity in the 
range of 50-75 mAhg-1 (0.2-0.4 Li) is retained after 20 or 25 cycles in all the cases. 
Cyclic voltammetry studies complement the galvanostatic findings and reveal that the de-
alloying reaction potentials of Li-Cd occur at ~0.8V and ~0.4V, whereas the alloying 
reactions potentials occur at ~0.6V and ~0.2V. The conversion reaction from Cd to CdO 
occurs at ~2.1V whereas the reverse reaction occurs at ~1.3V. 
A.2 Introduction 
 
 Lithium ion batteries (LIBs), being a main dc-power source, have revolutionized 
the portable electronic appliances by way of size and weight reduction [1,2]. LiCoO2 and 
graphite are being employed as cathode (positive electrode) and anode (negative 
electrode) materials, respectively in the first-generation commercial LIBs [1-3]. 
Researches are being carried out towards improving the LIB parameters like, energy 
density, long term cyclability, safety-in-operation and cost-reduction in order that the 
LIBs can be used in hybrid/electric vehicles, power tools and stationary back-up power 
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supplies [1-3]. The research on the electrode materials is the key to achieve the above 
mentioned goals.  
In the last decade, extensive research has been devoted to the metal oxides as 
prospective anode (negative electrode) materials to replace the graphite due to their 
ability to deliver high capacity (> 500 mAhg-1) [2-4]. Considerable attention has been 
paid to the compounds which allow either alloying-de-alloying reactions and/or 
conversion reactions, and contribute to reversible capacity [1-6]. Recently, we have 
shown that compounds, which can undergo Li-cycling via both alloying-de-alloying and 
‘conversion’ reaction exhibit high and stable capacity [7,8]. In this context, CdO which 
can undergo both the above mentioned reactions during cycling can be considered as 
good host since Cd can consume 3 moles of Li and form the alloy, Li3Cd [9] in addition 
to 2 moles of Li for conversion reaction. As a result, a reversible capacity of ~1044 
mAhg-1 ( 5 moles of cyclable Li) can be expected theoretically.  
There is only one preliminary report on the Li-cycling study of CdO (nano-fibers) 
[10]. Presently, CdO is prepared by thermal decomposition of Cd(OH)2 in air at 600oC 
for 6 h, and characterized by XRD. The Li-cyclability is examined by galvanostatic 
cycling and cyclic voltammetry studies in three voltage windows, i.e., 0.005-3.0V, 0.005-
1.0V and 0.005-0.8V at the current rate of 60 mAg-1 and slow scan rate 58 µVs-1, 
respectively. The first-charge capacity values of 850(±10) mAhg-1, 520(±10) mAhg-1 and 
430(±10) mAhg-1 are observed in the above mentioned voltage windows, respectively. In 





Cadmium hydroxide, Cd(OH)2 was prepared by the precipitation technique. 
Firstly, CdCl2.H2O (0.02M Merck; >99%) was dissolved in de-ionized water (200 ml). 
To this solution, a solution of NaOH (0.04M; Merck; >98%) was added drop-wise with 
continuous stirring. The white precipitate of Cd(OH)2 was filtered, washed with de-
ionized water and dried at ~80oC for 12 h, and then heated at 600oC for 6 h in air to 
obtain CdO.   
                Structural characterization was carried out by X-ray diffractometer (XRD) 
(Philips, Expert) equipped with CuKα-radiation. For the electrochemical studies, the 
composite electrode is fabricated on Cu-current collector with the composition: CdO: 
binder (Kynar 2801): Super P carbon in the weight ratio of 70:15:15. Coin cells (size, 
2016: 20 mm dia. and 1.6 mm thick) were fabricated in the glove box using Li metal 
(Kyokuto Metal Co., Japan) foil as the counter electrode, Celgard 2502 membrane or 
glass micro-fibers (Whatman) as the separator, and 1M LiPF6 in ethylene carbonate (EC) 
and diethyl carbonate (DEC) or dimethyl carbonate (DMC) (1:1 by volume, Merck 
Selectipur LP40) as the electrolyte. The active material content in the electrode was ~3-4 
mg. Galvanostatic charge-discharge cycling and cyclic voltammetry studies were 
performed on several identical cells after aging for 24 h at ambient temperature (RT ~ 
25oC) by computer- controlled Bitrode multiple battery tester (model SCN, Bitrode, USA) 





A.4 Results and Discussion  
A.4.1 X-ray Characterization 
        Fig. A.1 shows the XRD pattern in which sharp and characteristic peaks indicate that 
the CdO obtained by the decomposition of Cd(OH)2 is well-crystalline and is in phase-
pure form. The lattice parameter, calculated from the d-spacings and Miller indices is: a = 
4.682(2) Å. This value match well with that of cubic-CdO reported in the JCPDS card # 
05-0640 (a = 4.6953 Å).  
 
 



















2 θ, degrees (Cu Kα-radiation)
 
                                Fig. A.1 XRD pattern of CdO. Miller indices are shown.  
 
A.4.2 Galvanostatic Cycling 
Galvanostatic discharge-charge profiles in the voltage range, 0.005-3.0V at the 
current of 60 mAg-1(~0.06C) are shown in Fig. A.2a. First-discharge (reaction with Li) 
commences from the open circuit voltage (OCV~3.0V) and drops down quickly to ~1.1V. 
Thereafter, a sloping voltage profile with two small kinks, one at ~0.8V and another at 
~0.4V is seen. In the deep discharge range, ~0.1-0.005V, an almost flat voltage plateau is 
observed. As per the reaction mechanism given in Eqns. A.1 and A.2, the first discharge 











































Fig. A.2 Voltage vs. capacity profiles of CdO in the voltage range, (a) 0.005-3.0V, (b)  
0.005-1.0V and (c) 0.005-0.8V vs. Li at current rate, 60 mAg-1 at room 
temperature. The profiles of selected cycles are shown for clarity. The numbers 
refer to cycle number. 
 
the formation of nano-metal particles of Cd dispersed in the Li2O- matrix. Further 
discharge leads to the alloy formation due to reaction of newly formed Cd with Li metal. 
The forward reaction of Eqn. A.2 may not occur in one step but seems to involve several 
stages (LixCd), with x = 0.33, 1.0 and 3.0 [9]. The first discharge capacity of 1120(±10) 
mAhg-1, corresponding to ~5.4 moles of Li per mole of CdO is measured. This value is 
slightly larger than the theoretically envisaged value of 5.0 moles of Li, as per the 
forward reactions of Eqns. (A.1) and (A.2). The excess consumption of ~0.4 mole of Li 
can be attributed partly to solid electrolyte interphase (SEI) formation at the interface of 
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electrolyte and electrode, and partly to the polymeric-layer formation on the nano-particle 
of Li-Cd alloy.  
CdO + 2Li+ + 2e- ↔ Cd + Li2O  (e- = electron)          --- (A.1) 
Cd + 3Li+ + 3e- ↔ Li3Cd                                            --- (A.2) 
  During the first-charge, two small voltage plateaus, at ~0.3V and ~0.8 V are seen. 
These correspond to the de-alloying reactions to give Cd-metal nano-particles which 
occur in stages and are completed at ~0.8V. These results are in good agreement with 
those reported by Wang et al. [9] on Li-Cd system. Further charging leads to the 
oxidation of newly formed Cd to CdO (reverse reaction of Eqn. A.1) and the 
corresponding voltage plateau is seen at ~2.0V. Li et al [10], in their preliminary studies 
on nano-fiber CdO also observed a voltage plateau at ~2.0V, corresponding to the CdO 
formation (Eqn. A.1). However, we note that the extent of voltage plateau is small, 
indicating only small capacity contribution. Possibly, this may represent the formation of 
an oxygen-deficient phase CdOx (x <1).  In addition, a voltage plateau at ~2.8V is seen 
possibly indicating the formation of stoichiometric CdOx (x = 1.0). However, detailed 
studies are needed to verify this statement, and oxygen evolution reaction (CdO → CdO1-
y + (y/2) O2) at this voltage can also not be ruled out. The observed total first-charge 
capacity, 850(±10) mAhg-1 corresponds to ~4.1 moles of Li per mole of CdO. This value 
is smaller by 0.9 mole of Li, in comparison to the theoretical value of 5.0 Li (Eqns. A.1 
and A.2) that indicates either the reversible reactions are not complete, and/or some of the 
active material is not participating in the charge-process. In the range, 2-4 cycles, the 
extent of voltage plateau regions decrease significantly. From 5th cycle onwards, up to 25 
cycles, the voltage-capacity profiles are devoid of any voltage plateau, and a small 
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reversible capacity ~75 mAhg-1 is noted (Figs. A.2a and A.3a). This capacity value 


































Fig. A.3 The capacity vs. cycle number plots for CdO drawn from the galvanostatic 
cycling data in three voltage windows, (a) 0.005-3.0V, (b) 0.005-1.0V and (c) 
0.005-0.8V. The filled and open symbols represent the discharge and charge 
capacity, respectively.   
    
The Li-cyclability of CdO was also examined with an upper cut-off voltage of 
1.0V and 0.8 V in order to restrict the cycling to the voltage region in which only Li-
alloying-de-alloying reactions take place (Eqn. A.2). At the rate of 0.06C, the voltage-
capacity profiles are similar to those measured with an upper cut-off of 3.0V and are 
shown in Figs. A.2b and A.2c, respectively. As expected, the observed first-charge 
capacity values are smaller: 520 (±10) mAhg-1 with 1.0V cut-off and 430 (±10) mAhg-1 
with 0.8V cut-off. These capacity values correspond to the extraction of 2.5 and 2.1 
moles of Li as compared to the theoretically envisaged 3 moles of Li (backward reaction 
of Eqn A.2). As can be seen, in the voltage-capacity profiles (Figs. A.2b, c) and capacity 
vs. cycle number plots (Figs. A.3b,c) in both the voltage windows, a significant capacity-
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fading is noted up to 5 cycles. At the end of 20 or 25 cycles, a capacity of 50 (±5) mAhg-1, 
(0.2 mole of Li) is retained.  
The poor cycling performance of CdO cycled in all three voltage windows is 
attributed to the massive volume variation in the unit cell during cycling (CdO and/or Cd 
↔Li3Cd) which results in the cracking and crumbling of the electrode material. This 
leads to a loss of electrical contact of the active material particles between themselves 
and with the current collector (Cu) and thus explains the extensive capacity-fading. Li. et 
al [10] also observed drastic capacity-fading in their studies on nano-fiber CdO and 
reported that a capacity of ~70 mAhg-1 is retained at the end of 10 cycles.  
A.4.3 Cyclic Voltammetry 
To discern the average discharge and charge potentials, and to complement the 
galvanostatic cycling data, cyclic voltammetry studies are carried out on CdO.  The cyclic 
voltammograms (CVs) recorded in the potential range, 0.005-3.0V at the slow scan rate 
of 58 µVs-1 are shown in Fig. A.4a. The first cathodic (reaction with Li) scan commences 
from the OCV~3.0V and extends up to the deep discharge limit, 0.005V. The CV exhibits 
a broad peak in the range, 1.1 -0.7V, with an onset at ~1.3V followed by a small and 
well- defined peak at ~0.6V. Below 0.6V, a small shoulder peak at ~0.2V and a long tail 
is seen in the range, 0.1-0.005V. The broad peak can be assigned to the crystal structure 
destruction and formation of Cd-nano-metal particles embedded in the Li2O matrix 
(Forward reaction of Eqn. A.1). The newly-formed Cd metal reacts with Li to form the 
alloys, LiCd3 and LiCd at ~0.6V and ~0.2V, and finally Li3Cd in the potential, V < 0.1V. 
These values are in reasonable agreement with those reported by Wang et al. [9].   
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During the anodic scan (Li-extraction), the de-alloying reactions take place to 
give the Cd –metal nano-particles. Analogous to the first-discharge, this process also 
seems to occur in stages as two intense anodic peaks, one at ~0.4V and another at ~0.8V 
and a small hump at ~1.0V are seen. The CV also shows a peak at ~2.1V and a high 
intensity peak at ~2.8V. The peak positions match well with the voltage plateaus 
observed in the galvanostatic first-cycle profiles. As discussed earlier, the anodic peaks at 

































Potential (vs. Li), V
 
Fig. A.4 Cyclic voltammograms (CVs) of CdO in the potential windows, (a) 0.005 -3.0 V, 
(b) 0.005-1.0V and (c) 0.005-0.8V vs. Li at the slow scan rate of 58 µVs-1. Li 
metal was the counter and reference electrode. The numbers indicate the cycle 
number.  
 
In the second cycle CV, there is only one intense peak at ~1.3V, attributable to the 
reduction of CdO to Cd, is observed (forward reaction of Eqn. A.1). Below 1.0V, a 
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doublet peak discernible at ~0.6V is seen, similar to the first-cycle cathodic CV, except 
that the latter is not split.  In the range, 0.3-0.005V, a long tail is observed, similar to the 
first-cycle CV. The second cycle anodic CV more or less resembles that of the first-cycle 
except that the intensity of peak at ~2.8V is drastically reduced. The diminishing 
intensities of the peaks during subsequent cycling (2-15 cycles) indicate the continuous 
decrease in the capacity values (capacity-fading).  
The CVs of CdO in the range of 0.005-1.0V and 0.005-0.8V have also been 
recorded up to 6 cycles and are shown in Figs. A.4b and A.4c. The CVs bear very good 
resemblance to the CVs of CdO cycled in the range, 0.005-3.0V (Fig. A.4a). However, as 
expected, only peaks due to alloying and de-alloying reactions are seen. The multiple 
peaks with diminishing intensities indicate that the alloying-de-alloying reaction take 
place in stages and the material shows capacity-fading. 
On the basis of CV data in the range 2- 6 or 15 cycles, the de-alloying reactions of 
Li-Cd occur at ~0.8V and ~0.4V, whereas the alloying reactions take place at ~0.6V and 
~0.2V. The conversion reaction from Cd to CdO (Eqn. A.1) occurs at ~2.1V whereas the 
reverse reaction occurs at ~1.3V. Thus, there is a hysteresis of ~0.8V. We conclude that 
the CV studies complement the galvanostatic cycling data.  
A.5 Conclusions 
The CdO is prepared by thermal decomposition of Cd(OH)2 in air at 6000C for 6 h 
in phase-pure form. Li-cycling properties of CdO are investigated by galvanostatic 
cycling and cyclic voltammetry. The first-charge capacity values of 850(±10) mAhg-1, 
520(±10) mAhg-1 and 430(±10) mAhg-1 are observed in the voltage windows, 0.005-3.0V, 
0.005-1.0V and 0.005-0.8V, respectively. Extensive capacity-fading is observed upon 
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repeated cycling up to 5 cycles, and only a capacity in the range of 50-75 mAhg-1 (0.2-0.4 
mole of cyclable Li) is retained after 20 or 25 cycles in all the cases. Possibly, massive 
volume variation in unit cell is one of the factors responsible for the capacity-fading. One 
possible way to improve the Li-cycling performance of CdO is to incorporate a suitable 
matrix element which will buffer the volume variations. The galvanostatic cycling data is 
complemented by cyclic voltammetry study. CV data reveal that the de-alloying reactions 
of Li-Cd occur at ~0.8V and ~0.4V, whereas the alloying reactions take place at ~0.6V 
and ~0.2V, and the conversion reaction from Cd to CdO occurs at ~2.1V, whereas the 
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